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Abstract
Tissue engineered vascular grafts were fabricated using human umbilical vein smooth 
muscle cells grown onto electrospun gelatine scaffolds. A custom designed 
electrospinning system was built, with the purpose of fabricating cylindrical scaffolds 
with circumferentially or diagonally aligned micro-fibres, producing the optimum 
mechanical properties for use in in-vivo physiological conditions, as well as to direct the 
cell proliferation and migration, creating circumferentially aligned vascular tissue that 
mimics a natural vessel’s orientation. The proposed grafts were characterised in terms 
of their mechanical performance, optimal mass transfer of the limiting nutrient oxygen, 
as well as cellular performance in static and rotating culture conditions. A mathematical 
model is proposed in order to predict the mass transfer of oxygen and cellular dynamics 
in the scaffolds while modelling the scaffold’s changing environment. Most of the 
physical and biological input parameters required for the mathematical model were 
determined in experimental studies in this work. A novel fluorescent based, non- 
invasive, oxygen sensing technique was used to monitor the oxygen concentration in 
gelatine hydrogels and in liquids, and determine the oxygen diffusion coefficient in 
gelatine and the oxygen mass transfer coefficient at the gelatine surface, both of which 
are key parameters of the mathematical model. The mathematical model was 
successfully validated against experimental data of cell proliferation obtained from the 
biologically characterised scaffolds and the tissue engineered grafts. The mathematical 
model was then used to develop the best scaffolds, and optimise the procedure of tissue 
engineering of vascular grafts using electrospun gelatine fibre scaffolds. This was 
conducted while taking into consideration the mechanical requirements: graft strength 
which determines graft ftinctionality; elasticity which determines the conformance with 
the rest of grafted artery, as well as the suture retention of the graft to assess the ease of 
surgical implantation. The optimised physical structure and properties of the scaffold, 
for static and dynamic culture conditions, were linked to the electrospinning parameters 
used to produce them, delivering a fabrication protocol for the optimum scaffold. 
Dynamic cell culture conditions for a rotating tubular scaffold resulted in extremely 
good cell proliferation across the scaffold after 2.2 days in cell culture, whereas much 
lower cell proliferation was achieved for the same scaffold after 9 days in static cell 
culture.
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Chapter 1 : Introduction
1.1 Background
Cardiovascular disease is one of the most common causes of mortality and surgical 
interventions in the world. Vascular grafts are used in bypass operations for occluded 
blood vessels or in the treatment of aneurisms. The success of using synthetic materials 
used as grafts for replacement or bypass of segments of large arteries is not shared with 
small diameter artery replacement grafts. This is due to clotting of the blood on their 
surface early after implantation, resulting in total blockage of blood flow through the 
small diameter blood vessel. Restoring the functionality of blocked small bore blood 
vessels, such as coronary arteries, is currently achieved by forcing open the artery by 
means of balloon angioplasty and place an implantable stent, or by replacement with a 
vein from another location in the patient’s body, usually the leg. These techniques have 
their limitations in terms of long term functionality and possible lack of suitable vein 
grafts for patients with vein disease. Hence, there has been extensive research in the 
tissue engineering of vascular grafts given that tissue engineered grafts do not attract 
excess platelets after implantation that would lead to thrombosis.
Tissue engineered grafts proposed in this study are developed in-vitro, starting with a 
porous scaffold and growing vascular cells in this scaffold to create a living artery for 
implanting. The technique has immediate benefits that make it such an attractive 
solution: these include the use of the patient’s own cells as a building block to the 
development of the engineered tissue, allowing the graft to be accepted by the patient’s 
body, the cells would be identified by the body’s immune system as a natural 
component, preventing the rejection of the graft. Also, technology allows for the 
tailoring of the non-cell components of the graft to achieve the optimum graft in terms 
of mechanical performance and long term endurance. The success of use of bio­
resorbable materials in the medical field, such as resorbable sutures or drugs 
encapsulated in resorbable coatings that allow for controlled drug release, further 
demonstrate the potential of tissue engineering for complete replacement of the graft by 
natural tissue.
The process of tissue engineering of vascular grafts is complex as it is considered to be 
a multi-disciplinary field with several factors affecting the ultimate success or failure of 
each proposed new technology. The criteria that affect the process include: the 
mechanical performance and structural stability of the graft after attachment in the
vascular system and under the physiological conditions, the mass transfer of nutrients 
through the whole depth of the scaffold, the cellular dynamics on the matrix that holds 
them in terms of attachment and growth rates, the survival of the cells and finally safety 
of use within the human body. The graft’s materials, composition, structure, and 
properties will contribute towards these criteria, which will have to be properly 
characterised and linked to the performance of the graft.
These parameters include the structure, structural parameters and physical properties of 
the scaffold and their impact on the cell dynamics such as attachment, growth, and 
proliferation during culture, as well as the mechanical performance of the graft, such as 
strength and elasticity which would affect the scaffold’s compliance with native tissue, 
its long term endurance, as well as its ftinctionality, as well as the strength of the graft 
during and after suturing.
The material used for the scaffold will determine the mechanical robustness of the graft 
and will need to be able to survive the physiological conditions when implanted. The 
material also plays a part in the cellular adhesion properties of the scaffold. The 
material needs to survive in physiological conditions for sufficient time to provide 
remodelling in the body before being absorbed, as well as not adversely affecting the 
surrounding tissue. Natural polymer hydrogels have been previously used as candidate 
materials for tissue engineering of various tissues including skin, bone, ligaments, 
nerves as well as vascular grafts. One example is collagen; the reason for its use in a 
wide range of applications is the fact that it makes up the majority of the natural 
extracellular matrix, which the cells themselves produce for support: so in addition for 
the cells having a natural attachment affinity to the material, they also can remodel it as 
part of their natural process in-vivo, where the collagen can be slowly etched away by 
the cellular enzyme collagenase before the cells produce their own matrix. This 
remodelling would mean that the replacement graft becomes totally natural eventually, 
after a sufficient period of implantation.
Gelatine comprises large segments of the building blocks of collagen and can be easily 
produced fi*om denatured collagen by breaking down its triple helix structure. Gelatine 
is considered to be the cheaper alternative to collagen, it has the same amino acids 
found in the extra cellular matrix, it shares biocompatibility, and it can be manufactured 
using various well known technologies. The main disadvantage of gelatine is that it is
mechanically weak and is easily dissolved in water, the main fluid in the organism. 
However, this can be changed by a means of cross-linking to make it insoluble in water 
and increase its strength. As a result, gelatine will be explored as the main scaffold 
material in this study.
Vascular tissue has a directionality of cells in its layers. This is important in the tunica 
media of the vessel as it is responsible for the pumping of blood by contracting and 
causing the blood to flow forward peristaltically. To achieve this, the cells of the tunica 
media are aligned in a near circumferential orientation. On fibrous scaffolds, cells have 
been shown to grow in the directions of fibres (Teo et al. 2005), raising the demand for 
the development of a directionally oriented scaffold. Furthermore, fibre directions also 
affect the mechanical properties, as the entire continuous fibre graft can be considered 
as a composite material. For these reasons, the aim of this work has been to fabricate 
scaffolds with a structure and fibre orientation mimicking the architecture of the natural 
arteries.
In the past, work on the tissue engineering of vascular grafts in our group (Lekakou et 
al. 2008) involved the seeding of small mouse cells onto gelatine gels. Although these 
small cells migrated through the gels, larger osteoblast cells could not migrate 
(Vidyarthi et al. 2007). Given that human smooth muscle cells are much larger than the 
small mouse cells, fibre porous scaffolds are proposed in this study for the tissue 
engineering of vascular grafts. Electrospinning is proposed to be the fabrication 
technique used to create the fibrous scaffolds. Electrospinning of natural polymers is a 
method of drawing fibres from polymer solutions with the aid of a high voltage 
discharge of that solution. Electrospun gelatine typically produces randomly oriented 
nano-fibre meshes. These are successful in various tissue engineering applications 
where the cells are small, and their orientation is not essential. In this study, the aim is 
to provide fibrous scaffolds by electrospinning with specified fibre orientation of the 
scaffold that mimics the architecture of arteries.
Electrospinning is a versatile scaffold fabrication technique, where the physical and 
mechanical properties of the mesh can be tailored by changing the fibre diameter, pore 
size, porosity and the directionality of the fibres. The structural parameters of the 
electrospun scaffold can be changed by altering the processing parameters such as 
applied voltage, feed rate of polymer solution, the solution’s composition, etc. If the
processing parameters are properly linked to the properties by characterising the 
resultant meshes, a map can be constructed to backtrack the fabrication protocols once 
optimum scaffold properties are selected.
So far, studies of the tissue engineering of vascular grafts, using a scaffold based 
approach, have tackled the problem in an ad hoc manner, which is time consuming and 
expensive and the results are usually hard to relate with the physical properties of the 
scaffold. This makes the appropriate characterisation of the graft’s parameters and their 
impact on the success criteria a compelling research proposal. However, as previously 
discussed, the experimental characterisation of all the contributing parameters is both 
costly and time consuming, which can be avoided by the use of mathematical models 
that can predict the cellular dynamics and the nutrient mass transfer across the tissue 
engineering scaffold.
Mathematical modelling of tissue engineering has been successfully implemented in 
various works such as the tissue engineering of cartilage and bone, but not for the tissue 
engineering of vascular grafts. Mathematical modelling involves the mass transport of 
nutrients via perfusion and diffusion and the mass transfer of cells. The mass transfer of 
cells is a combination of complex processes including attachment, migration and 
growth of cells, which are affected by various factors including local nutrient 
concentration (most importantly oxygen), pore size, material surface, and other factors 
of the scaffold structure and conditions of the bioreactor. After the parameters affecting 
the cell proliferation in vascular grafts have been identified and quantified in this study 
and all the input parameters of the model have been determined, the aim is to use this 
model for computer simulations of different scaffold structures and bioreactor 
conditions, to optimise the scaffold and tissue engineering conditions for vascular 
grafts.
Mass transfer of nutrients through the scaffold with emphasis on oxygen, due to its 
limiting nature, is considered the deciding factor for the success of the tissue 
engineering of vascular grafts. The mass transfer of the nutrients is a function of the 
morphological properties of the scaffold (by the process of permeability of the scaffold 
to the culture medium) as well as the material used (diffusion of nutrients through the 
material) and the culture conditions (static or dynamic). Scaffolds that provide more
oxygen and other nutrients through the depth of the scaffold will allow for more cells to 
thrive, thus improving the functionality of the graft.
The different model input parameters need to be determined in this study. The diffusion 
coefficient of oxygen through the scaffold material is one of them. Even if there is data 
in the literature, it is seldom the case that diffusivity properties have been measured for 
the exact scaffold material, the same molecular weight of this polymeric material and 
the same degree of cross-linking as in this study. Typical oxygen sensors are invasive, 
and would have to penetrate the gelatine hydrogel to probe the concentration; this 
would introduce oxygen into the depth, preventing the acquisition of spatially 
dependent concentration curves. For this reason, it may be advisable to explore methods 
of measuring the diffusion coefficient of oxygen in scaffold materials and if necessary 
develop an easy, quick, non-interfering and non-destructive technique for these 
measurements.
Similarly measuring the cellular consumption of oxygen, as well as the cell growth rates 
under different oxygen concentrations, would allow the acquisition of the parameters 
required for cellular dynamics for the smooth muscle cells (or any other cells) to be 
used in this study.
Biological characterisation of the scaffolds entails the study of how cells behave on 
scaffolds with different physical structures and composition: this would determine 
whether the cross-linking of the scaffolds is toxic to the cells, as well as the effect of the 
scaffold’s physical structure and properties, such as porosity, fibre diameter and 
permeability; as well as the culture conditions have on the cellular adherence, 
proliferation, and migration.
As the cells grow and proliferate in the scaffold, the scaffold is becoming a tissue 
engineered graft, and its structure is changing: the cells keep filling the pores, porosity 
and pore size decrease and perfusion of the culture medium decreases due to decreased 
porosity and pore size, and hence permeability. As a result, less oxygen and nutrients 
can reach the cells, which are starving, leading to a reduction in their growth rate and 
even death. In the meanwhile, if the cells have grown so much that they have covered 
all pores; there is further decline of their growth rate due to spatial restrictions. On the 
other hand, in the tissue engineering manufacturing process, it is desired that the culture
time to be as short as possible, keeping the cost lower, and allowing the grafts to be 
used as soon as possible, given that cardiovascular surgery is often of urgency. It may 
be required for the cells to migrate and grow across the whole scaffold, in the shortest 
possible time. However, too fast initial growth of cells on the seeded surface may 
restrict the perfusion of culture medium and prevent homogeneous cell proliferation 
across the whole scaffold. Hence, given the complex and competing processes taking 
place during tissue engineering, computer modelling and computer simulations are 
recommended to understand these processes, tailor the scaffold to the optimal structure 
and optimise the processing conditions.
Some mathematical models for tissue engineering have been established for bone and 
cartilage grafts; these have been validated by the amount of Glycosaminoglycan 
production of these cells. Mathematical modelling of vascular grafts is in comparison a 
new field; thus the model will have to be validated against cell dynamics in typical 
scaffolds used for developing vascular grafts in this study. Hence, biological 
characterisation of the scaffolds and grafts will be needed to validate the mathematical 
models and provide a basic understanding of the various effects.
Finally, the optimisation of a vascular tissue engineered graft in terms of nutrient mass 
transfer, cellular dynamics as well as mechanical properties can be possible by linking 
the results of these seemingly unrelated and diverse fields of science and engineering 
that work together to find the “Holy grail” of tissue engineering; the fabrication of a 
tissue engineered small calibre vascular graft.
1.2 Aims
The ultimate aim of this project is to propose a method for the production of a small 
diameter vascular graft that could ultimately be used as a replacement for defective 
blood vessels in the body, such as the coronary artery. The aim of this project is to 
propose a vascular graft mimicking the physical and biological structure and 
architecture of the arteries. To achieve this goal, a number of other milestones need to 
be reached.
The project will investigate and model the processes taking place during the tissue 
engineering of vascular grafts, fabricate scaffolds and grafts, characterise them 
physically, mechanically, and biologically, as well as the investigation of any
parameters that go into the process. More specifically, the project has the following 
objectives:
(i) To develop, validate and use a mathematical model to simulate the cell 
dynamics and nutrient mass transfer across a dynamic scaffold, which will 
allow predicting the spatial and temporal distribution of cells, nutrient 
concentrations and other variables of interest across the changing in-vitro 
environment and ultimately be used to optimise the process of tissue 
engineering of vascular grafts.
(ii) To determine experimentally all the input parameters for the model that are 
needed for the tissue engineering of the vascular grafts in this study.
(iii) To optimise the scaffold material, the electrospinning fabrication procedure 
and the resulting structure of the produced scaffold so that it would provide 
the ideal medium for the tissue engineering of vascular grafts. In order to 
achieve this, characteristics will be investigated and optimised in terms of:
(a) Nutrient infiltration through the scaffold including flow and permeability 
through the structure as well as the difftision of nutrients through the 
material used to make the scaffold.
(b) Cell-scaffold dynamics including permeation and migration through the 
scaffold, cell adherence when seeded onto the structure, cell proliferation 
rates in in-vitro culture conditions, and the directionality of the cells.
(c) Mechanical properties of the scaffold and the vascular grafts that can 
withstand the in-vivo physiological environment.
1.3 Structure of the thesis
The thesis comprises eight chapters. Chapter 1 provides an introduction, in terms of the 
background, aims and objectives. Chapter 2 summarises the literature review 
undertaken to establish a good picture of recent studies in this field, the latest 
understanding in the field of tissue engineering and the current state of the art in 
vascular grafts. Chapter 3 describes the mathematical model developed in this study for 
the tissue engineering of vascular grafts under static and dynamic cell culture 
conditions. It also outlines the numerical solution and the computer code. Chapter 4 
describes a non-invasive, fluorescent quenching method for the measurement of oxygen 
concentration and the determination of the oxygen difftision coefficient through the
material of choice. Chapter 5 describes the fabrication of scaffolds using 
electrospinning and the cross-linking of scaffolds. It also includes optimisation of the 
fabrication parameters such as starting material, solution and composition, applied 
voltage and design set-up in terms of the scaffold’s physical structure (fibre diameter 
and alignment, scaffold porosity and permeability, and pore diameters) and mechanical 
properties (tensile strength. Young’s moduli, and suture retention). Chapter 6 
determines the cell growth parameters as a function of oxygen concentration and 
discusses the cell-scaffold dynamics in static and dynamic cultures in terms of cellular 
adhesion, proliferation, and migration using scanning electron microscopy, fluorescent 
microscopy, metabolic activity as well as histology. Chapter 7 presents the results of 
computer simulations using input parameters determined in chapters 4-6. First of all, it 
presents the model validation under static and dynamic cell culture conditions in a 
comparison between predictions and experimental data from chapter 6. It then presents 
the computational results of cell concentration profiles, and oxygen profiles, as a 
function of cell culture time, for different case-studies, in a series of parametric studies 
for the optimisation of vascular grafts. Finally, chapter 8 includes a final discussion, 
conclusions and suggestions for future work.
Chapter 2: Literature
Review
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2.1 Overview
In order to tackle the optimisation of a complex topic covering various disciplines of 
science as that of tissue engineering, a detailed literature survey of past work was 
performed and the underlying fundamental factors involved are discussed.
This chapter summarises the principal findings from the literature review so that the 
author aims his research in the correct direction. Various aspects relevant to the tissue 
engineering of vascular grafts are discussed, including anatomy and properties of 
arteries, materials and fabrication techniques of scaffolds, the diffusion of species such 
as oxygen and glucose and their investigative techniques, mathematical models useful 
for tissue engineering, and the physical and biological characterisation of scaffolds.
2.2 The need for solutions in vascular repair
Cardiovascular disease is the largest contributor to mortality in the developed world. 
Over the course of the last sixty years research has been directed towards finding 
solutions for this problem. There are two traditional methods currently used to restore 
the functionality of a blocked vessel; either forcing the vessel open using a stent, which 
is a mesh tube inserted in the vessel’s lumen alleviating flow constrictions; or by 
replacing the damaged vessel using another in a bypass surgery (Figure 2.1). The 
replacement vessel is usually harvested as a vein from the patient’s leg or from a donor 
(Robert, Langer & Vacanti 2007). Both methods have their draw backs: the stents 
cause damage to the vessel’s wall which leads to occlusion of blood flow (Farb et al. 
1999). Vein substitution lasts 10 years at the best estimate (Robert, Langer & Vacanti 
2007). This has led to the interest in developing artificial blood vessels as a replacement 
of the damaged ones. Ideally this should be a long term substitute that ensures a good 
quality of life for the patient (Robert, Langer & Vacanti 2007). Aneurysms also raise 
the need for vascular grafts to be of a specific design (Figure 2.2), which is usually 
fashioned by the surgeon during surgery to suite the patient’s needs (Geroulakos, 
Kakkos & Sellu 2005).
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PogAkal Artery
Figure 2.1: Surgery bypass to treat occluded artery
Source: [http://www.cardiolabel.eu/What%20To%20Expect%20During%20a%20Bypass%20Surg
ery.html]
Graft being 
sew n into - 
place
Stent
Figure 2.2: Treatment of aneurysm with (a) a sewn vascular graft; (b) a vascular stent
Source: [http://www.vascularweb.ordecadeg/vascularhealth/pages/abdominal-aortic-
aneurysm.aspx]
Synthetic vascular grafts have shown considerable success in replacing large diameter 
arteries (6-10mm diameter). Both poly(ethylene terephthalate), more commonly known 
by its commercial name Dacron®, and poly(tetrafluoroethylene) (PTFE) have both been
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used in abdominal aortic surgery (Parodi, Palmaz & Barone 1991, Shah et al. 1997). 
This success has however been trumped by the possibility of occlusion after surgery, for 
while Dacron and PTFE have advantageous characteristics, they can still be 
thrombogenic, which is particularly noticeable when they are used as smaller diameter 
grafts (Robert, Langer & Vacanti 2007). Research into improving the functionality of 
synthetic grafts includes lining the blood contact layer of the graft with endothelial cells 
to reduce the thrombogenic characteristics of the graft (Sharefkin et al. 1983). Other 
limitations of the scaffold such as poor viscoelasticity which could cause impedance 
mismatch are also being addressed using natural gel-like polymers, such as collagen, to 
create composite materials (Venkatraman, Boey & Lao 2008, Schmidt, Baier 2000). 
The available solutions are summarised in Figure 2.3. The red lines represent the 
disadvantages, the black lines show the advantages and the blue lines point towards 
current advances in the mentioned technology that can improve functionality and 
reduce risk.
Tissue engineering of vascular grafts is emerging as a very attractive alternative, 
whereby the cells used to synthesise the tissue are cultured from the patients 
themselves, and seeded onto sponge like scaffolds to form living arteries. The body will 
accept the graft without the need for immune suppression due to the use of 
biocompatible material in conjunction with the patient’s own cells. A natural matrix and 
the patient’s endothelial cells will reduce the adverse reaction of platelet adhesion at the 
graft walls (Schmedlen et al. 2003). The tissue will be used exactly as needed as 
opposed to using physiologically different veins where arteries are needed. Hence, the 
mechanical properties will be closer to those of natural arteries.
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Figure 2.3: Available solutions to artery repair. Red lines point towards drawbacks, blue 
lines point towards research interests aimed at limiting the draw back and black lines 
point towards the advantages of the technology.
Tissue engineering dates back to the 1970s when skin substitutes of cell sheets were 
attempted. The term, however, was coined in 1993 by Langer and Vacanti where tissue 
engineering was described as an “interdisciplinary field that applies the principles of 
engineering and life sciences toward the development of biological substitutes that 
restore, maintain, or improve tissue function or a whole organ” (Langer, Vacanti 1993).
The main challenge facing tissue engineering technology lies in the design of the 
optimum matrix whilst optimising the cell culturing conditions. The expensive and time 
consuming nature of this complex procedure, whose optimisation is usually tackled in 
an ad hoc basis have led to the rise of interest in the mathematical modelling of the 
tissue engineering process, taking into account scaffold properties and culture 
conditions (Fry et al. 2011, Urciuolo et al. 2012).
14
2.3 Introduction to arterial tissue engineering
The main principle of tissue engineering is the growth of cells in-vitro to develop the 
required tissue consisting of the cells and extracellular matrix. Cells growing unassisted 
would not get into the three dimensional shape required for the formation of complex 
tissue, they would create a two dimensional sheet on the substrate. To solve this 
problem, a porous structure that can accommodate the cells and allow them to grow into 
the required shape, as well as deliver them to the required site in the body is utilised. 
Figure 2.4 summarises the process.
culture
tell iso lation
cultivation
T tie  scaffo ld
Figure 2.4: An illustration of the use of scaffolds in tissue engineering
The porous matrix or the scaffold needs to meet several criteria for it to function 
properly. The structure needs to have high porosity and adequate pore sizes to allow for 
cell seeding, migration and integration. The material used for the scaffold needs to be 
biocompatible to avoid any negative effects on the body when implanted (Hutmacher 
2001).
The material needs to be biodegradable so that the cells and the extracellular matrix, 
produced by the cells can eventually replace the scaffold. The degraded material needs 
also to be safely absorbed in the surrounding tissue without triggering an adverse effect. 
The rate of degradation is a key factor: too fast, and the cells would lose their support.
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too slow and the cells could die before proper attachment with the body. Its mechanical 
properties need to be similar to the implantation site, as well as being firm enough for 
handling. The surface chemistry of the scaffold should not repel cell attachment and 
migration. Another vital criterion is to allow the diffusion of the nutrients required for 
cell survival and growth. Bearing all these properties in mind, an engineer needs to 
develop an appropriate fabrication technique using the appropriate materials to develop 
the scaffold in the necessary architecture (Hutmacher 2001, Anthony 2000, Vats et al. 
2003).
The type of scaffolds used can vary greatly depending on the application; each cell 
type requires different properties from its scaffold to survive, these can range from the 
materials used, surface features and rate of biodegradability. The seeding technique will 
also be different according to the application.
The properties of normal vessels can be used directly to establish an understanding of 
the properties required from vascular grafts. The mechanical properties of native vessels 
include elasticity, tensile stiffriess, compressibility and viscoelasticity (Anthony 2000). 
These properties are achieved using a complex mix of materials including collagen, 
elastin, and proteoglycans. This leads to the determination of the prerequisites required 
for vascular grafts to survive. These include strength preventing the graft from bursting 
under the blood pressure, elasticity to withstand cyclic loading, and a lining that is 
antithrombotic (Anthony 2000). The scaffold chosen will need to satisfy all these 
properties as well as being able to be stitched for implantation by the surgeon.
2.4 Anatomy and properties of arteries
In order to develop a scaffold that would replace an artery, the design will need to 
mimic the anatomy of the actual artery. The artery is the tissue that carries blood away 
from the heart towards the rest of the body meaning that the blood is usually 
oxygenated, with the exceptions of pulmonary and umbilical arteries. Arteries fail due 
to a number of reasons; one of the most common is the building up of plaque between 
the endothelial layer and the smooth muscle layers. This result in the occlusion of the 
blood flowing through the artery, because the volume for movement is reduced leading 
to a clot. If the affected artery is feeding a critical site such as the brain or heart, the
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resultant diminished oxygen levels reaching the cells at these sites, would result in a 
stroke, or a myocardial infarction, respectively.
Typically an artery is composed of three layers. From the inside (closest to the lumen) 
to the outside the layers are: tunica intima, tunica media, and tunica adventitia. Figure
2.5 demonstrates the range of artery sizes in term of their overall dimensions as well as 
the proportionality of the layers of the artery to each other. For a large artery like the 
aorta, a large tunica media is required to drive the blood flow by vasoconstricting as the 
blood needs to reach the rest of the body. The support for such a large tissue is achieved 
by the tunica adventitia layer which is relatively smaller when compared to the media of 
the same vessel. Smaller vessels while also having an adventitia layer for some support, 
the thickness is relatively smaller when compared with the media.
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Figure 2.5: Microstructure of two arteries: (A) is the cross section of a large artery (B) is 
the cross section of a small artery (seen in the bottom left corner of the image on the left).
Source: http://www.courseweb.uottawa.ca/medicine- 
histology/english/cardiovascular/histologybloodvessels.htm
Key to Figure 2.5: art is an artefact, TA is the tunica adventitia, TI is the tunica intima, 
TM is the tunica media w  is a vasa vasorum (small vessels that feed larger vessels), ad 
is adipose cell, ef is elastic fibre, end is endothelial cell nuclei, ext is external elastic 
membrane, int is internal elastic membrane, and n is smooth muscle cell nuclei.
The tunica intima or the endothelium layer is usually one cell thick. The endothelial 
cell layer, which is in direct contact with the blood flow, is a un-thrombogenic selective 
barrier which also acts as a controller of blood flow due to its constriction and dilatation
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properties. The endothelial cells are organised in the axial direction, facilitating the 
blood flow. The endothelial cells lie on a thin elastic layer termed the internal elastic 
lamina which separates the endothelial cells from the tunica media, this sub-layer or the 
Basal lamina consists of collagenous bundles as well as elastin (Fawcett, Bloom 1994).
The tunica media is generally made out of smooth muscle cells and elastic tissue. The 
size and composition of the layer depends on the type of artery. In small arteries the 
media is made out of a thin layer of muscle fibres arranged circumferentially around the 
central axis. In larger arteries, such as the iliac and femoral artery, there is a composite 
structure of alternating muscular and elastic fibres. The ratio increase of composition in 
favour of the elastic fibres in the largest of arteries, such as in the aorta, allows for 
higher pressures. The muscular bundles are made out of the vascular smooth muscle 
cells; these cells are helically shaped and have an average length of 50-100 pm with a 
thickness of a few micrometres. The smooth muscle cells are cireumferentially oriented 
within porous concentric layers of elastin, as well as the extra cellular matrix which is 
rich in collagen. These cells have a capacity to contract and relax as they are the main 
drive behind vasoconstriction and vasodilatation. The circumferential orientation of the 
smooth muscle cells provide the optimum design for achieving the pressures required to 
drive the blood flow, the artery’s vasoactivity and structural integrity (Fawcett, Bloom 
1994, Kenner 1983, Akinsanya 1999).
Finally the tuniea adventitia is generally made out of connective tissue, mainly collagen 
and fibroblasts. The adventitia’s main purpose is to serve as an anchor or structural 
support for the vessel in order to withstand the pressures generated by blood flow. 
Larger vessels have a larger adventitia layer, whilst small arteries usually have a thicker 
tunica media in order to accommodate the changing pressures resulting from the blood 
flow (Fawcett, Bloom 1994, Akinsanya 1999).
The direction of collagen fibres in vessels is of great importance to its structural 
integrity, being as it is their main load bearing component. The collagen also directs the 
orientation of cell growth, so from a tissue engineering point of view being able to 
mimic the collagen orientation would provide the optimum mechanical strength as well 
as the facilitation of the proper cellular proliferation across the scaffold. Research on 
the collagen orientation within vessels has reported different results, circumferential 
(Holzapfel, Gasser & Ogden 2000, Gross, Epstein & Kugel 1934), helical (Osbome-
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Pellegrin 1978), and even axial (Smith, Canham & Starkey 1981) orientations. While 
the differences are most probably due to the fact that different types of arteries are 
investigated, the clear understanding is that collagen orientation is not only different 
between the media and adventitia, but also different between the different regions of the 
tunica media (Ghazanfari et al. 2012, Williams et al. 2009).
The work of Ghazanfari et al compared the collagen orientation in porcine carotid 
artery using second harmonic generation microscopy and diffusion tensor imaging to 
determine that the fibres are predominantly circumferential in the outer adventitia and 
the media. From the outer adventitia towards the lumen, as well as the thin layer 
situated bellow the endothelial cells, the collagen fibres were found to be almost axial 
in orientation. The research also found that the transition layer between the media and 
adventitia contain fibres at between 60 and 80 degrees (Ghazanfari et al. 2012). Figure
2.6 summarises the finding of the work conducted by Ghazanfari et al.
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Figures 2.6: Histograms (A, B, C, D) and images of collagen orientation of the outer 
adventitia (A, E, I), inner adventitia (B, F, J), the media (C, G, K), and the lumen (D, H, 
L), The outer adventitia has fibres predominantly in the circumferential direction (A, E, I) 
while the inner adventitia has fibres in the axial direction (B, F, J) the lumen in contrast 
has predominantly an axial direction alignment of fibres (D, H, L). The media contains 
collagen aligned in the circumferential direction (C, G, K).
Source: http://www.sciencedirect.coni/science/articIe/pii/S0006291X12015288
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Arteries are anisotropic, multi layered, with nonlinear elasticity, making the task of 
fabricating a graft capable of mimicking the mechanical response necessary for 
successful functionality while in the same time, biologically compatible and would 
encourage cellular proliferation a challenging task. Most synthetic grafts used 
commercially such as polytetrafluoroethylene (PTFE) and polyethylene terephthalate 
(PET) have a highly linear mechanical response in comparison to natural arteries. 
Typical Young’s modulus range between 1 and 6 MPa, and depend on the type of 
artery. The femoral artery has a Young’s modulus of (1.23-5.5 MPa), the iliac artery has 
a reported Young’s modulus range of (1.1-3.5 MPa) (McDonald 1974) and the elasticity 
of the coronary artery as a whole has a range of (1.06-4.11 MPa) (Ozolanta et al. 1998).
2.5 Tissue engineered vascular grafts
The research into the development of a small diameter tissue engineered vascular graft 
has been nicknamed the search for the “Holy Grail” (Kakisis et al. 2005).
The first approach towards the development of a functioning small calibre vascular 
graft (<6mm internal diameter) is attempted by growing a monolayer of endothelial 
cells onto the internal surface of the synthetic material in order to reduce the 
thrombogenicity of the material as well as enhance blood flow (Anthony 2000, Schmidt 
et al. 1984, Herring, Gardner & Glover 1978) . This technique however has shown its 
limitations in terms of the inability of forming a fully confluent layer of endothelial 
cells onto the surface of the synthetic material (Anthony 2000).
The second approach involved the use of natural materials such as collagen coupled 
with smooth muscle cells and endothelial cells around a reinforcing synthetic material 
as the adventitia to develop hybrid tissue engineering constructs (Boland et al. 2004, 
Weinberg, Bell 1986). This approach combines the structural integrity of the synthetic 
materials with the biocompatibility of natural materials in contact with the blood flow 
(Berglund et al. 2003).
The third generation of vascular tissue engineered constructs rely on only natural 
material without the use of any synthetic material. Approaches are varied and different 
each with their own merits and draw backs
20
Heparin treated chemically cross-linked fibrillar collagen from the pig submucosa was 
implanted in rabbits and remained viable after 13 weeks. Examination of the constructs 
showed their population with both smooth muscle cells as well as endothelial cells 
(Huynh et al. 1999). Similar work was conducted using decellularized vessels either 
seeded prior to implantation (Quint et al. 2011) or allowed to grow the cells in-vivo 
(Schaner et al. 2004).
Other techniques used to develop totally biological, scaffold free engineered tissue 
grafts by the use of cell cultured sheets that are rolled to develop a cylindrical tissue. 
The work of L’Heureux et al was able to grow cohesive sheets of cell monolayers when 
cultured with ascorbic acid. Sheets of fibroblasts were rolled to form a tube; similarly 
grown smooth muscle cells were grown into sheets and rolled to form a tube, the tubes 
were fitted onto each other to form the adventitia and media equivalents respectively, 
finally endothelial cells are seeded onto the lumen to create the un-thrombogenic intima 
(L'Heureux et al. 1998). While the discussed graft was able to withstand much higher 
burst pressure than that of this techniques predecessors (2000 mmHg), enough to 
withstand physiological conditions, the graft lacked the proper cellular orientation that 
can properly mimic natural arteries, which limits the long term integrity of the graft that 
requires the collagenase activity from the smooth muscle cells to remodel the 
extracellular matrix (Boland et al. 2004).
Using a biocompatible scaffold to direct cell growth, and allow for direct implantation 
by the surgeon in the required site can be considered the fourth generation of attempts 
towards finding the “Holy Grail” a small calibre tissue engineered vascular graft. 
Scaffold based tissue engineering solutions can be separated into synthetic, natural, 
with a sub category of bioresorbable materials.
A non-natural bioresorbable Poly (ester urethane) urea had shown great potential as a 
material for a scaffold for vascular tissue when seeded with mouse muscle derived stem 
cells. The cells proliferated across the structure and migrated through its depth 
(Nieponice et al. 2008). Further investigation on whether human smooth muscle cells 
which are larger and slower at migration could achieve the same level of cellular 
proliferation is necessary.
21
A bioresorbable scaffold is achieved using a collagen and L-poly lactic acid composite 
scaffold. Smooth muscle cells were cultured and proliferated in the orientation specific 
scaffold, which was able to produce circumferential alignment of the cells, in order to 
mimic that of the human tissue (Stitzel et al. 2001). The problem with the bioresorbable 
material is their toxicity when absorbed by the surrounding tissue. While the by­
products of L-poly lactic acid are naturally occurring in the body, if its local 
concentrations are high, the local PH would be decreased contributing to an 
inflammatory response. Another possible complication is that if the rate of degeneration 
of the material is not in-sync with the rate of ECM remodelling by the smooth muscle 
cells inducing an aneurismal formation (Boland et al. 2004).
Other examples of scaffolds are demonstrated by the work of Lee et al: mixtures of 
various polymers both synthetic and natural are electrospun to produce fibre oriented 
scaffolds. Collagen type 1 and elastin were electrospun to produce tubular porous 
scaffolds; the mechanical integrity of the cross-linked scaffolds was compromised when 
subjected to the culture conditions, only blends that included synthetic polymers such as 
PLLA and PCI were able to survive the culture conditions with highly promising levels 
of cellular proliferation (Lee et al. 2007). Other works involving only gelatine as a 
natural material were able to produce non-aligned electrospun scaffolds with natural 
polymers that with sufficient cross-linking were able to withstand culture conditions 
(Nguyen, Lee 2010, Skotak et al. 2010, Sisson et al. 2009, Huang et al. 2004), one issue 
that needs to be addressed is what possible adverse effects the cross-linking would 
contribute to the cells in culture (Sisson et al. 2009).
Stitzel et al developed electrospun collagen, elastin and poly(D,L-Lactide-co-glycolide) 
electrospun scaffolds. The composite electrospun scaffolds were able to withstand 12 
times normal systolic pressure, cellular proliferation was demonstrated across the depth 
of the construct (Stitzel et al. 2001).
Arguably the work of Boland et al established the extraordinary potential of scaffold 
based tissue engineering. A three layered vascular graft that imitates natural arteries 
was developed. 80:20 Collagen / Elastin electrospun tubular scaffolds were seeded with 
fibroblasts and smooth muscle cells simultaneously, the tubes had an internal diameter 
of 4 mm, and this tissue engineered tube mimics the tunica adventitia of a small artery. 
A tube of 2 mm internal diameter of 30:70 collagen: elastin electrospun scaffolds
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mimicking the tunica media was inserted within the lumen of the first tube, and seeded 
with smooth muscle cell. Both tubes were cultured until maturity. Finally human 
umbilical vascular endothelial cells were introduced into the lumen of the graft and 
cultured for a further 3 days to develop the tunica intima (Boland et al. 2004). 
Examination of the histomorphology demonstrated, a near developed small artery, 
which is a very promising premise towards the potential of scaffold based tissue 
engineered vascular grafts.
Whilst co-culture of two types of cells is achievable, culturing three types of cells and 
three layers is regarded as highly complex. As the aim for tissue engineered vascular 
replacement is to be used in small diameter vessels which naturally rely on the smooth 
muscle cells and the endothelial cells, one way to simplify the graft properties is to 
assume only two layers, the intima for smooth blood flow and the media made out of 
smooth muscle cells for both support as well as flow control.
As will be discussed later the main obstacle in tissue engineering is the insufficient 
cellular proliferation due to the limited species distribution in the scaffolds depth. 
Endothelial cells in direct contact with culture medium would not find this problem. 
Thus in order to optimise the scaffolds the tunica media part is only being considered 
with the rational that seeding endothelial cells over a confluent smooth muscle cell 
scaffold is considered somewhat straight forward.
2.6 Material choice for the scaffold
The choice of material used for the scaffold is of great importance to its success. The 
material needs to be biocompatible, chemically inert, have an optimum degradation 
rate, bioresorbable, sufficient elasticity, tensile stiffiiess, compressibility and 
viscoelasticity, as well as being easily formed into the desired shape (Eichhom, 
Sampson 2005). Polymers have stood out from other materials as the material of choice 
in tissue engineering of soft tissues (Venkatraman, Boey & Lao 2008, Lee, Mooney 
2001, Drury, Mooney 2003, Place et al. 2009). A polymer is a large macromolecule 
made up of repeating structural units connected together using covalent bonding. 
Polymers have the advantage of mimicking the natural extracellular matrix surrounding 
the cells in the human body as ECM is composed of polymers itself (Lee, Mooney 
2001).
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There are two types of polymers, synthetic and natural referring of their origin. 
Synthetic polymers have the advantage of being more flexible than natural polymers 
because controlling their properties is simpler than the latter (Place et al. 2009). The 
main advantage of natural polymers is their ability to promote desirable cell response. 
They are usually biodegradable and biocompatible (Venkatraman, Boey & Lao 2008, 
Lee, Mooney 2001, Drury, Mooney 2003, Place et al. 2009). There are a number of 
natural polymers that are common in tissue engineering, the most used include (and not 
limited to) Collagen, Gelatine, Fibrin, Chitosan, Agarose, Alginate, and Hyaluronate 
(Venkatraman, Boey & Lao 2008, Lee, Mooney 2001, Drury, Mooney 2003).
Collagen is the most used tissue originated natural polymer (Lee, Mooney 2001). 
Collagen is actually the main component of the extra cellular matrix, of which the 
scaffold’s job is to try to mimic, making it an ideal candidate as a material. However, 
because collagen is expensive, as well as variations that can occur between different 
collagen batches (Lee, Mooney 2001), gelatine, which is a derivative of collagen, is 
another material of interest; it is usually considered a cheaper substitute of collagen 
(Skotak et al. 2010, Lee, Mooney 2001). Gelatine is a pure protein obtained by 
thermally denaturing collagen. An exciting feature of gelatine is its ease to form gels 
when allowed to cool when in solution. It is thermally reversible, as well as having cell 
based degradation. The amino acids of the gelatine are recognised by the cells as extra 
cellular matrix which means it will degrade as the cells proliferate and produce their 
own matrix.
One drawback of gelatine is its weak mechanical properties compared to other natural 
polymers such as collagen and elastin, as well as its rapid dissolution in aqueous 
solutions. One possible solution is to bind the polymer chains together using a cross- 
linking reagent (Ulubayram, Eroglu & Hasirci 2002, Wan et al. 2000). Cross-linking is 
the process of chemically joining two molecules by a covalent bond. The reagent 
usually contains two reactive groups that bind amine groups. The cross-linking of 
gelatine creates non soluble networks that resist dissolution in aqueous environment. 
Typical cross-linking reagents for gelatine and collagen are aldehydes like 
formaldehyde and glutaraldehyde (Skotak et al. 2010, Sisson et al. 2009), and 
carbodiimides (Billiar et al. 2001). A current concern with the typical cross-linking
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agents is their possible toxic side effect that could lead to adverse side effects in the 
body (Sisson et al. 2009).
There is an interest for the use of a safer reagent for cross-linking the gelatine. Different 
sugars have shown their capability to cross-link gelatine, monosaccharide (fructose and 
glucose), disaccharide (sucrose) as well as the polysaccharide dextran. There are two 
ways of using sugars to cross-link gelatine; either by using the sugar on its own (native 
sugar) or by oxidising the sugar before application to the gelatine (Cortesi, Nastruzzi & 
Davis 1998).
For native sugars, sometimes called reducing sugars or aldose sugars have one aldehyde 
group in every molecule. The aldehyde group reacts with an amino acid from the 
gelatine to form an aminoglycoside which reacts with another amino acid from another 
gelatine strand to cross-link (Cortesi, Nastruzzi & Davis 1998).
Oxidised sugars are used to make the process of cross-linking faster. The sugars are 
oxidised creating di-aldehydes as in two aldehyde groups per molecule. This will lead 
to cross-linking straight away roughly halving the time needed by the native sugars. 
One drawback however of oxidising the sugars is the possible toxic side effects of the 
oxidising reagents.
2.7 Mathematical modelling
Tissue engineering of arteries is a complex field with linked parameters. To be able to 
improve the functional properties of vascular grafts and to accurately quantify the 
parameters, every stage in the tissue engineering process needs to be properly 
researched. The intrinsic complexity of biological systems means that, in any case, it is 
not possible to separate these mechanisms experimentally. Quantification by means of 
computational modelling is, therefore, essential to the interpretation of the experimental 
results and to identify the dominating factors. The key processes and parameters that 
determine the success of tissue engineering protocols include (Sengers et al. 2007):
1. Nutrient transport restrictions
2. Nutrient utilisation
3. Extracellular matrix formation
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4. Cell population dynamics
5. Cell attachment, growth and migration
6. Local cell-cell interactions and biochemical factors
A good representation of the factors that are at play with regard to oxygen concentration 
when a scaffold is in a bioreactor can be seen in the following diagram (Coletti, 
Maccietto & Elvassore 2006).
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Figure 2.7: Schematic from literature summarising transport issues in a scaffold relation 
to oxygen (Coletti, Maccietto & Elvassore 2006)
Cells require different nutrients to survive; these can be simplified to the main and 
critical nutrients, namely oxygen and glucose. By-products of the cell respiration such 
as carbon dioxide also need to be removed from the cell surrounding to avoid toxicity. 
The rate of transfer of these species to and from the cells is critical to their survival. The 
study of the transport of these nutrients is a common field of research in tissue 
engineering (Sengers et al. 2005, Kellner et al. 2002, Croll et al. 2005, Pierre et al. 
2008, Xu, Eu 2004).
The cell seeded scaffold is surrounded with the culture medium which includes the 
nutrients required for cell survival. If the medium is static the main method of transfer 
is diffusion such in standard cell culture flasks used to grow a monolayer of cells.
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However, studies have shown that in tissue engineering of three dimensional constructs 
with diffusion alone, cells a few hundred micrometres from the surface (not in direct 
contact with the medium) do not survive (Sachlos, Czemuszka 2003, Martin, Wendt & 
Heberer 2004). As the tissue engineered constructs have a thickness in the range of 
millimetres the transport restrictions are regarded as the limiting factor facing the 
success of tissue engineering. Bioreactors use convection to better facilitate reach 
distance of nutrients. The main purpose of the bioreactor is to increase mass transfer of 
nutrients (Martin, Wendt & Heberer 2004). While there are plenty of different types of 
bioreactors the main two methods in use are the stirred and the perfusion bioreactors 
(Coletti, Maccietto & Elvassore 2006, Pierre et al. 2008, Engbers-Buijtenhuijs et al. 
2005). The bioreactors add convection, as well as forced permeation of the culture 
medium around and through the scaffold.
Mathematical models were found in the literature describing the cellular growth in-vitro 
on porous scaffolds, most notably those which predict cellular density distribution and 
oxygen concentration profiles (Obradovic et al. 2000, Lewis et al. 2005). Most of the 
literature dealt with mathematical modelling of bone tissue engineering, and as far as 
the writer is aware there is no literature on vascular tissue engineering predictions. 
Furthermore the cellular migration is not usually taken into account in current 
mathematical models (Chung, Yang & Chen 2006).
Early tissue engineering models just included kinetics for cell growth, ECM production 
and scaffold decay (Wilson, Bonassar & Kohles 2002). Later studies included transport 
models for nutrients and sometimes cells. Two types of advanced mathematical models 
have been found in the literature modelling the tissue engineering in scaffolds: (a) 
discrete cell dynamics models (Cheng et al. 2006) and (b) continuum transport models, 
including the continuum mass transfer equation for the concentration of nutrients and a 
continuum transport equation for the cell concentration (Obradovic et al. 2000) static 
conditions, chondrocytes; (Pisu et al. 2004): assumption of static conditions, 
chondrocytes; (Chung, Yang & Chen 2006): static conditions; (Coletti, Maccietto & 
Elvassore 2006): dynamic conditions including flow and convection; rat cells; (Xiang et 
al. 2006): static conditions, chondrocytes). Discrete dynamics simulations are typically 
associated with large computer memory requirements and take long computer time to 
run. Hence, the focus in this study is on the continuum models. In the case of
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continuum models, some studies consider multiphase models with volume averaging of 
the variables over volume in each phase (Lemon, King 2007). These multiphase models 
include the solid phase of the porous scaffold, the fluid phase (culture medium), and 
sometimes the solid cell phase.
For dynamic conditions, (Coletti, Maccietto & Elvassore 2006) used the Brinkman’s 
flow equation for porous media:
= + + (2.1)
Where p and p are the density and viscosity of the culture medium, respectively, U is 
the average velocity through the porous scaffold, P is pressure, g is the gravity, and K is 
the permeability of the porous scaffold.
Coletti et al (2006) used the Koponen’s relation (Koponen, Kataja & Timonen 1996) to 
predict permeability of the porous scaffold as a function of porosity:
£
^  (2.2)
Where s is the scaffold porosity, x is the tortuosity of the porous scaffold taken as x = 
(2-s)/eŸ (Maloney, Green & Perry 1997), s is the pore surface area per volume of 
scaffold.
In order to properly develop an accurate model that would be able to predict the cellular 
growth, the parameters and the constants that are used in the model have to be 
investigated. For some of these parameters and properties, there is some information in 
the literature. The diffusion coefficient of glucose through collagen is reported to range 
between 1.4-1.9 x 10'  ^cm^ s‘  ^(Shaw, Schy 1981, Wu et al. 2005). A new measurement 
that relies on needle enzyme electrode found the glucose diffusion coefficient in 
collagen to be 1.3 x 10'  ^ cm^ s'^  (Rong, Cheema & Vadgama 2006). Oxygen diffusion 
through gelatine however was found to vary by one order of magnitude in literature 
which could be due to the fact that the techniques used to cross-link the gelatine are not 
consistent between the published works, pointing towards the need for investigation of 
the oxygen diffusion in the system proposed here. The diffusion coefficient of oxygen 
in collagen-hepatocyte gels was found to be 2.99 x 10'  ^cm^ s'^  in a study of seeded gels 
that used micro electrode measurements (Nyberg et al. 1991). This work does not take 
into account the consumption of oxygen by the hepatocyte cells. The degree of 
hydration and swelling of gelatine plays a prominent role on the diffusion coefficient of
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nutrients through it. Hence, an oxygen diffusion coefficient of the order of 10'^ cm^/s 
was measured for amorphous gelatine films in other literature (Simon-Lukasik, 
Ludescher 2004).
Some studies have used the Michaelis-Menten relation for the rate of consumption of a 
nutrient, Ri, such as oxygen, glucose or lactate, considered as “reaction” term in the 
transport equation for the nutrient (Coletti, Maccietto & Elvassore 2006):
R i = P c e l l f ^  (2.3)
Where pceii is the cell density, C02 is the nutrient concentration, such as oxygen 
concentration, Qmax is the maximum uptake rate of that nutrient and Cm the 
concentration at which the “reaction” occurs at half of the maximum rate.
The parameters for the consumption of nutrients by smooth muscle cells and endothelial 
cells are the second set of parameters required for the equations. The nutrients that were 
researched were glucose and oxygen. The oxygen consumption rate constant for smooth 
muscle cells was 2.64±0.09 nmol min"  ^ 10  ^ cells'^ and for endothelial cells was 
1.00±0.15 nmol min'^ 10  ^ cells'\ The cell density in these experiments was 5x10^ 
cells/ml (Motterlini et al. 1998). In another study that compared the oxidative 
metabolism in-vitro in endothelial cells from different species the reported oxygen 
consumption was 0.4±0.1xl0'^plo2ceH'^h'\ 2.2±0.4xl0'^plo2celT^h'\ and
2 .0 ±0 .1 plo2ceir^h'^ in bovine aortic, rat pulmonary artery, and human umbilical vein 
cells respectively (Kjellstrom, Ortenwall & Risberg 1987). In an experiment measuring 
the glucose consumption of human umbilical vein smooth muscle cells grown onto type 
1 insoluble collagen scaffold, the cells had an average length of 54.5±0.3pm. The 
glucose consumption in two days amounted to 5 and 8 pmol/cell under dynamic and 
static conditions respectively (Engbers-Buijtenhuijs et al. 2005).Coletti et al (2006) 
used the Contois equation for cell growth that considers cell growth as a function of 
nutrient concentration Ci and also accounts for cell inhibition:
^Pcell _  t _____ Pcell \  ^  /o  '1\
St \KcPcellVcellPcell+CiJ  ^ ^
Where pceii is the cell density (cells/m^), Qceii,max is the maximum cell growth rate, Vceii 
is the volume of one cell, pceii is the density of a cell, and kc is a constant. As most
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models have been developed and run for cartilage grafts, there are no data for the model 
and model parameters of smooth muscle cells growing in vascular grafts.
2.8 Measurement of oxygen concentrations within the 
scaffold
Oxygen supply to the cells has been shown to be the main limiting factor in the survival 
of the cells (Sachlos, Czemuszka 2003). The two main success stories of tissue 
engineering of skin (Eaglstein, Falanga 1997) and cartilage (Freed, Vunjak-Novakovic
1998) were not particularly limited by oxygen. The former graft is not required to be 
very thick, making oxygen only required to difhise a short distance to the cells which 
are usually harvested as sheets. As for tissue engineering of cartilage, chondrocytes 
naturally require less oxygen than other cells, which is why, they are the only cells that 
exist further away than 100pm from a blood supply in the human body (Guyton 1976). 
The dependence on oxygen for other cell types used in other tissue engineering 
application such as vascular grafts has led to intensive research into methods of 
investigating the oxygen profiles across scaffold materials (Drury, Mooney 2003, 
O’Neal et al. 2004, Malda et al. 2004). The quantification of the difftision coefficient of 
oxygen and other nutrients in these materials is used in mathematical modelling of 
tissue culture environment (Sengers et al. 2005, Croll et al. 2005, Boubriak, Urban & 
Cui 2006).
Another interest of oxygen diffusion in materials is the lack of literature data when it 
comes to finding the diffusion coefficient of oxygen in the hydrogels. Different papers 
have tried to investigate the diffusion coefficient of oxygen in gelatine but those are 
usually gelatine films which were freeze dried (Simon-Lukasik, Ludescher 2004), or 
values of the diffusion coefficient in hydrogels were approximated with that of water 
(Sengers et al. 2005).
Oxygen sensing can be divided into two categories, electrochemical sensing, and 
fluorescent based sensing. Today most commercially available oxygen sensing 
techniques revolve around probing of the sample (both electrochemical and fluorescent 
quenching) which have the drawback of being invasive to the material under 
investigation and in the case of the electrochemical electrodes the consumption of 
oxygen can affect the reading of the results (O’Neal et al. 2004). This has led to new
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techniques that are un-invasive, cheap, and simple to measure oxygen profiles in a 
material (O'Neal et al. 2004, Gupta, Rao 2003, Lu et al. 2010). The use of fluorescent 
materials is one of the promising techniques.
By doping a fluorophore in the gelatine gel the concentration profile of oxygen can be 
monitored using a camera over time in the gelatine’s structure. By fitting the 
concentration profiles with a numerical model the diffusion coefficient of oxygen in 
gelatine can be estimated. Oxygen quenching describes the decrease of fluorescent 
intensity; this can happen due to a variety of reasons which could include 
photobleaching or the existence of a known quencher. Almost all fluorophores are 
quenched by oxygen (O'Neal et al. 2004, Lakowicz 1999) Quenching is governed by 
the Stem-Volmer equation:
^ ° / j  = 1 + KCo2 (2.4)
f  is the fluorescent intensity in the absence of the quenching substance of concentration 
C, and I is the intensity with the presence of that quencher. K is the Stem Volmer 
constant. The linear relationship between f / I  and the concentration enables the easy 
investigation of the quenching constant K. One fluorophore that stands out is the 
mthenium complex Tris(4,7-diphenyl-1,10-phenanthroline) mthenium(II) dichloride 
with photo-stability, large stokes shift enabling easy acquisition of intensity, as well as 
its large dynamic range for different concentrations of oxygen (O'Neal et al. 2004) 
(Xiong, Xiao & Choi 2006). Its excitation maximum wavelenth is 455 nm making a 
blue LED an ideal choice for the excitation light source.
As the gels will be fully hydrated the main form of oxygen transport is diffusion.
Numerical models are utilised to fit the results acquired thus estimating the diffusion
coefficient of oxygen, the models utilise Pick’s second law of diffusion.
1 = ^ 0  (2.5)
Where c is the concentration, t is time, D the diffusion coefficient, and x is the position. 
Another factor that will affect the transfer of oxygen from a fluid medium (water or air) 
to the gel is the mass transfer coefficient. The mass transfer coefficient impacts the 
diffusion of the solute between two phases by relating the concentration difference as
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the driving force while taking into account the mass transfer rate and the area using the 
following relation.
^ ^ = 3 ^  (2.6)
Where Kc is the mass transfer coefficient, ri^ is the mass transfer rate, A is the area, and 
AQ is the concentration difference.
2.9 Fabrication, characterisation of the Scaffolds
2.9.1 Introduction to common scaffold fabrication techniques
With natural polymers in mind as well as maintaining a focus for vascular tissue 
engineering the most common techniques used to produce the required scaffolds which 
acquires the optimal environment for cells to grow and proliferate are reviewed, this 
range fi*om the simple such as solvent casting, and particle leaching to the complex such 
as Nano-fibre self-assembly, as well as other techniques include gas foaming, freeze 
drying, and electrospinning.
Solvent casting and particle leaching can be grouped under the same method. These 
simple techniques revolve around the evaporation of organic solvents which were used 
to dissolve the polymer of interest leaving behind a porous structure; this technique has 
been used as scaffolds for tissue engineering previously (Liao et al. 2002). Particle 
leaching differs fi’om its mother technique by the addition of porogens such as salt, 
sugar which are leached away using water after the solvent evaporates leaving behind 
an even more porous structure. The main merits of these techniques are that they are 
simple, easy and inexpensive. The main drawbacks are the inability to control pore 
sizes and inter pore openings easily as well as the limitation of suitable solvents that are 
nontoxic and that do not denature protein (Subia, Kundu & Kundu 2010).
To avoid the use of high temperatures, and harsh solvents, another similar technique is 
sometimes used to create porous structure. By saturating a polymer with a gas such as 
carbon dioxide at a very high density for an extended time followed by a sudden drop of 
the atmospheric pressure, a phase separation of the carbon dioxide is induced causing 
the escape of the gas out of the polymer leaving behind pores (Subia, Kundu & Kundu 
2010). The main drawback of such technique is the reduced pore interconnectivity
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especially nearing the surface of the polymer making it difficult for cells migration and 
proliferation (Mikos, A., Temenoff,J. 2000).
Freeze drying is another method that employs phase separation in order to develop a 
porous scaffold but using sublimation as the main driving force. The frozen polymer 
(usually frozen in liquid nitrogen) is maintained in a vacuum, connected to chilled 
compartment, causing the sublimation of the frozen nitrogen into the solid gas phase 
which results in the formation of pores (Figure 2.8). The main drawbacks of this 
technique are the difficulty of control over the developed pore sizes as well as the long 
processing time. Another technique that relies on sublimation is termed phase 
separation where a solvent that sublimes easily is used to dissolve the polymer before 
adding water creating two phases (polymer rich and polymer poor). Using cooling and 
vacuum a porous scaffold can be achieved (Subia, Kundu & Kundu 2010, Nam, Park
1999) the technique has the same main draw backs as the freeze drying technique.
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Figure 2.8: SEM Micrograph of freeze dried gelatine scaffold
A very intriguing and promising technique is molecular self-assembly which is 
sometimes referred to as nano-fibre self-assembly. Molecules without external 
motivation or forces self-align and using the weak covalent bonding of hydrophobic and 
hydrophilic compounds form structures that closely resemble the natural extra cellular 
matrix. Making scaffolds produced from this technique is one of the promising ones.
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The draw backs of such a system include the complexity in forming the structure and 
the high price of materials (Ramakrishna 2005).
2.9.2 Electrospinning
Electrospinning is a versatile tool used to fabricate polymer fibres in the nano-micron 
scale. Its discovery is credited to William Gilbert in the 16^  ^century, and the technology 
was patented in 1902 by J.F Cooley, however, with the exception of Sir Geoffrey 
Ingram Taylor who conducted extensive research on the shape of the electrospinning in 
the 1960’s (Taylor 1964) very limited research was undergone on the technology until 
1990.
There has been a resurfacing of electrospinning in the 1990s due to the interest in the 
nano-scale properties of the produced meshes, applications such as filtration 
membranes, catalytic nano-fibres, fibre based sensors and of course scaffold based 
tissue engineering constructs have all benefited fi*om the technology. Since 1990, 
publications concerning electrospinning have exponentially increased every year (Li, 
Xia2004).
A polymer solution is subjected to a high voltage to induce a charge within it. The 
charged solution then undergoes electrostatic repulsions which counter acts the surface 
tension of the solution, causing a droplet of the polymer solution to extend and erupt 
from the needle delivering it to form a Taylor cone. A stream of polymer solutions then 
flows from the tip of the cone towards a region of lower potential. In the case of a 
solution with a high molecular cohesion (high viscosity) the stream will be continuous 
and uninterrupted. As the jet travels and dries in the atmosphere, it undergoes what is 
termed bending instability or a whipping process which is due to the electrostatic 
repulsions of the small bends in the fibre (Ramakrishna 2005, Li, Xia 2004).
The simplest approach to electrospinning is presented in Figure 2.9, were a polymer 
solution or a melt is fed through a needle at a constant rate, the needle is connected to 
an electrically charged electrode in the magnitude of Kilo volts, and a grounded plate 
collects the deposited fibres. Electrospinning is a very attractive tool in developing non­
woven fibre meshes due to the possibility to tune a wide variety of properties in the 
meshes easily and with repeatability. In order to optimise the fabrication procedure to
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produce a mesh with the required eharacteristies, the fabrication parameters are altered 
to produee meshes with different eharacteristies before recording them for analysis. The 
typical parameters inelude: the eoncentration of the polymer solution, the choiee of 
solvent, the applied voltage, the rate of solution flow, the needle diameter, the type of 
collector, and the distance between the jet and the collector. The mesh properties 
inelude fibre diameter, porosity, permeability, pore size, and alignment of the fibres 
(Ramakrishna 2005).
Feeding syringeNeedle
/  Applied voltage
Ground
Figure 2.9: Schematic of a Simple electrospinning setup
The applied voltage is a eritical part of the eleetrospinning process. The charges acting 
on the solution are required to overcome the solution’s surface tension in order to draw 
the fibres (Figure 2.10). The electrostatic forces eause the solution to distort at the tip 
produeing a Taylor eone. The Taylor eone ean appear at relatively low voltages, 
however, depending on the solution’s properties, feed rate and the size of needle, a 
higher voltage is required to produce a stable Taylor cone.
The general eonsensus seems to point towards an inversely proportional relationship 
between the fibre diameter and the applied voltage (Teo et al. 2005, Ramakrishna 2005, 
Lee et al. 2004, Zhao et al. 2004) which is explained by various reasons. A higher 
voltage means that there is increased stretching of the solution due to the higher 
columbic charges and resulting electrostatic force in the solution: this increased 
stretehing is deseribed as the main cause of fibre reduction. Other literature has 
commented on the relationship attributing the cause to the fonnation of secondary fibres 
from the jet when working with high voltages.
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The rate of solution diseharge or feed rate is an often researched parameter where the 
more solution is being fed through the needle per unit time the larger is the resultant 
fibre diameter (Pham, Sharma & Mikos 2006, Milleret et al. 2011). Two restrictions to 
this trend inelude beading, and elogging of the feeding needle. Also to maintain a stable 
Taylor eone the applied voltage will have to be inereased as the feed rate inereases.
The distance between the feed tip and the eollector plays a crucial part in the 
morphology of the produeed samples. A minimum distance is required for the fibres to 
dry before reaching the eolleetor. Within a reasonable working range, the further the 
eolleetor is from the tip the more distance the fibres have to travel, meaning there is 
more stretching and evaporation resulting in smaller diameter fibres. With decreased 
distanees there is less evaporation whieh although coupled with an inerease in the 
electric field, it results in larger diameter (Ramakrishna 2005).
Increase in Voltage
Figure 2.10: Schematic of Taylor cone formation from a steady stream of polymer jet
when subjected to increasing voltage
2.9.3 Physical and mechanical characterisation
The investigation of the physieal eharacterisation of the scaffolds is usually established 
to optimise fabrieation parameters as discussed previously. The electrospun scaffolds 
are usually characterised in terms of morphology, molecular structure, and mechanical 
properties (Skotak et al. 2010, Ramakrishna 2005, Milleret et al. 2011, Soliman et al.
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2011, Zhu et al. 2008, Li et al. 2002). The charaeterisation of the scaffolds’ morphology 
is used in relation to the cellular response, as well as to input the physical environment 
in the mathematical model.
Examples of scaffold characterisation in the literature are varied; synthetic based and 
natural based scaffolds are thoroughly researched in literature. An example of 
characterisation of synthetic based scaffolds is a study that compared between the 
eleetrospinning of Degrapol and PLGA electrospun scaffolds, and characterised the 
fibre diameter, the fibre orientation, and scaffold porosity. The work found that the 
elastic properties relied mainly on the scaffold’s morphology (alignment and porosity) 
and coneluded that the Degrapol was more suitable for soft tissue engineering while 
PLGA is more suitable for stiffer tissue sueh as ligaments (Milleret et al. 2011).
While gelatine as an example of a natural polymer that exhibits improved elasticity, 
most of the publications seem to centre on the use of a copolymer approach in the hope 
of developing a more meehanically resilient seaffold, these attempts are perceived as 
ad-hoc where the seaffolds are characterised in their co-material strueture rather than 
the effect of each separate component.
Poly (lactic-co-glycolide), elastin, and gelatine solutions were electrospun to produce a 
seaffold for vascular tissue engineering (Han et al. 2011). The highest Young’s modulus 
was achieved with 770±131 kPa with a tensile strength of 130±7 kPa. The average fibre 
diameter ranged between 0.3 8-1.2pm when dry and 0.77-1.73 pm when wet, with pore 
areas ranging between 0.57-4.74pm^.
A scaffold mimicking the composition of natural arteries by eleetrospinning a solution 
of 45% collagen, 15% elastin and 40% synthetie polymer, the biodegradable synthetic 
polymers used were poly(D,L-lactide-eo-glycolide) (PLGA), Poly(L,lactate) (PLLA), 
poly(c-eaprolactone) (PCL), and Poly(D,L-lactide-co-glyeolide) (PLCL) is proposed 
(Lee et al. 2007) the resulting fibre diameter ranged from 0.47-0.76pm with tensile 
strength (TS) and Young’s modulus (YM) being 0.15MPa and 0.44MPa for the scaffold 
without the synthetic component respectively, 0.37 MPa tensile strength for PLGA 
scaffold with 0.85MPa Young’s modulus, the PLLA seaffold had a 0.83 MPa tensile 
strength and 2.08 MPa Young’s modulus. The PCL scaffold had 0.31 MPa Tensile
37
strength and 0.34 Young’s Modulus, and finally for the PLCL scaffold the reported 
Tensile strength is 0.48 MPa, and the Young’s modulus is 0.38 MPa.
Collagen and PCL electrospun scaffolds with 0.52pm fibre diameter were 
characterised; the scaffolds with a reported fibre diameter of 0.52pm were able to 
withstand a burst pressure of 4912 mmHg, compared to the PCL only counterpart with 
a burst pressure of 914mmHg. The reported results of the PCL-eollagen scaffold had an 
ultimate tensile strength of 4MPa, and Young’s modulus of 2.7MPa. The suture 
retention of the PCL- collagen seaffold was 3N compared to 4.9N for the PCL only 
scaffold (Lee et al. 2008).
While a eopolymer approach has its benefits, properly characterising the natural 
polymer component is essential for a better understanding of the scaffolds physical and 
mechanical properties. Gelatine and collagen eleetrospun scaffolds were characterised 
by Li et al. in terms of their physieal (fibre diameter and topology), and mechanical 
properties. Gelatine and eollagen showed similar fibre diameters, and similar tensile 
strength and ultimate strain; however the Young’s modulus of gelatine was 426 MPa 
was found to be higher than the Young’s modulus of collagen fibres, whieh were 
measured, to be 262MPa (Li et al. 2005), similarly gelatine eleetrospun nanofibres with 
fibre diameter ranges of 100-340nm showed an ultimate tensile strength range between 
2.6MPa and 4.79MPa, and Young’s modulus between 116MPa and 174 MPa (Huang et 
al. 2004). 50-300 nm fibres of eross-linked eleetrospun gelatine had maximum tensile 
strength of 2MPa (Nguyen, Lee 2010).
The mechanical characterisation of the above mentioned scaffolds is done for dry 
randomly oriented fibres while in practice the meehanical properties of vaseular grafts 
need to be assessed when completely wet to better simulate physiological conditions. 
Oriented fibres essential for guiding the cells would also have different mechanical 
properties depending on the direction of testing, examples are reported in literature for 
poly(butylene terephthalate) (Mathew et al. 2006), and PCL nanofibres (Geun 2008), 
but not for gelatine fibres and also not when wet.
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2.9.4 Biological characterisation of vascular grafts
The seaffold’s physical properties, such as, fibre diameter, pore size, porosity, etc. are 
known to affect the level of cellular attachment and proliferation (Skotak et al. 2010, 
Rnjak-Kovacina et al. 2011, Bashur, Dahlgren & Goldstein 2006); leading to the 
neeessity of optimising the graft in terms of these parameters for the best biological 
response.
The cellular adhesion to non-electrospun collagen-glyeosaminoglycan scaffolds was 
investigated in terms of their pore size, a linear relationship between cellular adhesion 
and the scaffold’s volume fraction is reported, the results seem to suggest that the 
smaller the pore size the better adhesion the cells had to the surfaee of the scaffold, this 
is of course up to the point that the pore beeomes smaller than a cell (O’Brien et al.
2005).
Human umbilical vein endothelial cells showed better proliferation on micro-scaled 
eleetrospun PCL seaffolds when compared to nano-sealed (Soliman et al. 2011), this is 
explained by the better adhesion of cells to fibres bigger than 1 pim in diameter as the 
cells’ foeal adhesion complexes are in the range of Ipim, similar results are shared for 
eleetrospun poly(ethylene oxide terephthalate) and poly(butylene terephthalate) where 
human mesenchymal stem eells proliferated better on larger sized scaffolds (Moroni et 
al. 2006).
Fibre orientation not only serves to guide the direction of cell growth it was shown to 
affect the proliferation rate of cells (Bashur, Dahlgren & Goldstein 2006), where 
fibroblasts proliferated better on oriented PLGA seaffolds eleetrospun with an angular 
orientation compared to randomly oriented fibres.
The work of (Milleret et al. 2011) observes that for Degrapol and PLGA eleetrospun 
scaffolds the cellular infiltration is dependent on porosity but independent on the 
polymer; they reported a rise in cellular infiltration in higher porosity scaffolds. High 
and low porosity synthetic human elastin scaffolds seeded with fibroblasts 
demonstrated that scaffolds with higher porosities have superior cellular migration 
which is described as active cellular migration rather than passive cellular infiltration 
(Rnjak-Kovacina et al. 2011).
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The cytotoxicity of the cross-linking agent is another faetor that would affect cellular 
behaviour, the effeet of four cross-linking methods on cellular proliferation in gelatine 
eleetrospun scaffold is examined by Sisson et al, glutaraldehyde and Genipin cross- 
linked gelatine scaffolds were able to maintain similar cellular activity as that as a 2 
dimensional polystyrene plate (in the case of Genipin) and higher in the case of 
glutaraldehyde. The most cellular activity is noticed in glyceraldehyde cross-linked 
gelatine scaffolds (Sisson et al. 2009), the same study does observe the improved 
mechanical performance of glutaraldehyde over its two alternative cross-linking 
solutions.
Methods of biological characterisations vary; the most eommon method is the 
performance of a total cell count in the system of interest. Typically a cell count can be 
achieved using a haemocytometer and a live/dead dye such as Trypan Blue. This easy 
and quiek method is used when dealing with mono-layers of cells such as those eultured 
in wells or flasks. To be able to use sueh a teehnique, on eells seeded onto a scaffold, 
would mean the trypsinization of the cells off the scaffold, or digesting the seaffold by 
the use of enzymes to get a cell suspension (Thevenot et al. 2008). There are two draw 
baeks to this technique the inability of eharacterising the cell profiles across the depth 
of the scaffolds, and the need to destroy the scaffold in order to perform the count 
preventing the use of the same scaffold in repeat experiments.
Another cell number based method whieh still ignores the cell profiles is the use of 
colorimetric assays such as the mitochondrial enzyme reduction of tétrazolium salts into 
their respeetive formazan by-products (Sisson et al. 2009, Wang et al. 2009). The 
colour intensity measured at the wavelength 490 nm after the reduction is proportional 
to the mitoehondrial activity meaning that in a controlled experiment it is proportional 
to the eell number, this technique could allow multiple testing of the same sample as it's 
not completely destruetive to the scaffolds, however inaccuracies due to the permeation 
ability of the assay may vary for differently populated seaffolds.
In order to aehieve more detailed investigation of cell proliferation conventional 
techniques will have to be used such as scanning electron microscopy of thin slices of 
the scaffold, or the use of other standard techniques that rely on histomorphology (Ikada
2006). The main draw backs of these techniques are the long preparation time and their 
destructive nature.
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2.10 Concluding remarks
Eleetrospinning of polymer solutions to produce fibres for use as scaffolds is one of the 
most versatile teehniques currently available, the ability to tailor physieal parameters of 
the scaffolds such as fibre diameter, porosity, and fibre alignment by manipulating the 
processing parameters such as applied voltage and the polymer solution feed rate is 
demonstrated in literature for various polymers. This is notable as cellular interaetions 
with the scaffold are shown to be dependent on these physical parameters.
Gelatine as an electrospinnable material has many advantages, including 
biocompatibility, versatility of manufacture, and cells have an affinity of attaehing and 
growing on them. The main drawback of gelatine is its mechanical performance which 
can be improved using cross-linking. While the research on eleetrospun scaffolds is 
extensive in literature, the nature of sueh research is based on case spécifié applications. 
Research is believed to follow an ad-hoc approaeh, a system is investigated on a case 
by case basis, examples inelude gelatine being incorporated with other material, which 
means that finding the proper solutions in literature is very diffieult as various groups 
approach the solution with a different perspeetive and could even show seemingly 
conflieting results because the parameters are not constant. The link between the 
eleetrospinning process and the physieal eharacteristic of gelatine only seaffolds needs 
further study. Directionality of natural polymers and their effect on smooth muscle cells 
is also lacking in the literature. The link of the physical parameters and the cellular 
behaviour is also tackled as a case by case basis i.e. many parameters affecting the 
results, rather than one parameter at a time.
Mathematical models in the literature have been used to predict the in-vitro behaviour 
of cells and nutrients for use as an optimisation tool; these were mostly done for 
cartilage tissue engineering, in both static and dynamic conditions and present a strong 
foundation for use for the new vascular tissue engineering modelling. Challenges 
inelude the modelling of oxygen mass transfer through gelatine. Literature values have 
varied for the quantification of oxygen diffusion coefficient, with the values used for 
non-hydrated gelatine gels. This also presents an area in need of further research as 
oxygen is the limiting factor of soft tissue engineering.
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Chapter 3: Mathematical
modelling
42
3.1 Introduction
A mathematical model of the processes taking place during the tissue engineering of 
eleetrospun gelatine vascular in a culture medium with growing smooth muscle cells is 
proposed. The model comprises the transport equations for the culture medium 
perfusing the scaffold, nutrient transport represented by oxygen transport, and cell 
transport and growth. The spatial-temporal behaviour of species such as oxygen and 
cells through the depth of the construct are quantitatively modelled using a transient, 
two dimensional perfusion-difhision-reaction model. A model for cell growth is used 
with emphasis on oxygen as the limiting faetor. The structure and properties of the 
vascular graft are updated as a function of time, starting with the average porosity, pore 
diameter, fibre diameter and permeability of the scaffold and updating their values as 
the cells attached to the scaffold proliferate. This ehapter also includes the numerical 
solutions of the proposed equations and the description of the eomputer eode.
3.2 Conceptual model
A continuum two-phase model is proposed in this study with volume-averaged 
equations. The two phases comprise a solid phase, including the scaffold and attached 
cells, and a fluid phase including the culture medium with any dissolved oxygen and 
suspended cells. The volume fraction of the fluid phase is denoted as s, where the initial 
value of s is the porosity of the completely hydrated scaffold. The volume fraction of 
the solid phase is then 1- e. The proposed model takes oxygen as the limiting factor of 
soft tissue engineering as is generally established in literature (Kellner et al. 2002), 
(Croll et al. 2005), henee the oxygen transport equation is included and oxygen 
eoneentration profiles are predieted as a funetion of cell eulture eultivation time, with 
oxygen representing the main nutrient. Temporal changes in the local nutrient 
concentrations within the tissue constructs are assumed to be governed by convectional 
and diffiisional transport and cellular consumption. Convectional transport, also known 
as perfusion, depends on the porosity of the solid phase, which decreases as more cells 
occupy the solid phase.
Two types of cell culture environments are considered, the static culture and the 
rotating bioreaetor, as is shown in Figure 3.1. In both cases, the length and width of the 
construct are much larger than its depth so transport takes place mainly in the through-
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depth direction. The nature of fluid flow depends on the type of culture condition. In 
static culture the flow of the culture medium through the scaffold is due to gravity. As 
for the rotating culture in Figure 3.1, the angular velocity of the central rotating shaft 
ereates a positive radial pressure gradient which leads to radial flow of the culture 
medium into the construct.
The model also considers the cell kinematics where cells are transported transversely 
through the depth of the seaffold. In each layer of scaffold, the cells start with a partial 
eoverage of the fibrous seaffold and multiply to increase their eoverage. Once they have 
fully covered the fibrous scaffold in one cell layer, then a second cell layer starts 
building while the porosity of the graft deereases locally. The decrease of the porosity 
of the solid phase (seaffold and attaehed cells) decreases the permeability of the solid 
graft leading to a decrease of the perfusion flow.
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Figure 3.1: A schematic demonstrating the principles behind the mathematical model in a
microstructural hierarchy.
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Figure 3.2: A schematic illustrating: the x-direction along the depth of the scaffold and the
local y-direction across a volume averaged pore (from the centre of the pore to the fibre);
the directions of the numerical indices i (discretisation of x) and j (discretisation of y);
perfusion in the general x-direction and diffusion in both x- and y-directions; the scaffold
and attached cells at two different times: t l < t2.
3.3 Mathematical equations
3.3.1 Flow through the porous medium
The first factor that will affect the transport of nutrients and eells is the fluid flow 
through the scaffold or the tissue engineered graft as cells attach to the scaffold. In this 
study, the solid phase including the fibrous scaffold and the attached cells, is considered 
as a porous medium, and the flow of the eulture medium (with the nutrients and 
suspended cells) through the porous medium is described using Darcy’s law (Brinkman 
1949), in which a mean velocity U in the through-depth direction is considered as a 
function of the pressure drop, dP/dx, in that direction (see Figure 3.2):
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U = - — VP = - ~  (3.1)ne n^dx
Multiplying equation (3.1) by the flow area, sA, yields a relation for the perfusion flow 
rate as a function of the pressure drop:
Ç =  ~  (3.2)
Where Q is the total perfusion flow rate through the scaffold (or tissue engineered graft) 
(mVs), K is the permeability (m^) of the porous medium, p is the viscosity (Pa s), A is 
the in-plane area of the scaffold (x-z plane), U is the veloeity of the flow (m/s), P is 
pressure and VP is the pressure gradient vector.
Using Darcy’s law, the velocity of fluid flow through the scaffold can be calculated. 
Darcy’s law has been used in several studies to model the flow through engineered 
tissue (Botchwey et al. 2003) (Laudone, Matthews & Gane 2008). The required 
parameters for this equation are:
(i) The permeability k of the scaffold initially, updated to the permeability of the 
porous solid medium, including both the fibrous scaffold and the attached cells 
as the cells grow. Hence, the permeability changes as the cells proliferate 
through the scaffold. The scaffold properties are assumed to be homogeneous 
initially, and this initial permeability is determined in experiments in Chapter 5.
(ii) The viscosity of the culture medium which is assumed to be the same as the 
viscosity of water, approximately 1 mPa s.
(ii) The pressure difference across the scaffold which depends on the scaffold 
thickness and conditions of the bioreaetor.
For static conditions in the bioreaetor, the pressure drop depends on the hydraulic head 
of the culture medium. Hi, above the scaffold top surface and the thickness of the 
scaffold, H:
aP _  pgH^  / g
d x  H ^
In the case of a bioreaetor with the scaffold attached to a central, rotating shaft (Figure
3.2), which rotates at a frequency, f  (rotations per second), the pressure drop through
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the scaffold (or graft) depends on the rotating speed and the shaft diameter, R, 
according to the relation:
^£ = p4n^f(Rshaft + H) (3.4)
3.3.2 Oxygen transport
The oxygen transport across the scaffold is described using the following two 
dimensional perftision-difftrsion-reaction equation.
^  +  ^  =  Doz^  + Do2 ^ - < ? 0 2  (3.5)
Where Cq^  is the oxygen concentration, t is the time, U is the velocity of flow of the 
culture medium through the construct, D is the diffusion coefficient of oxygen, and 
Qogis the oxygen consumption rate. The oxygen transport equation (3.6) includes the 
conveetion term (perfusion) in the x-direction through the depth of scaffold (see Figure
3.2), diffusion in both x- and y- directions, and oxygen eonsumption by the cells (the 
reaetion term).
Oxygen diffusion occurs through the culture medium (treated as water) in the x- 
direction. In the y-direction, depending on the value of y, oxygen diffusion occurs in the 
culture medium (for small y values, before the attached cell layer has been 
encountered), the cells (for the area fraction occupied by the cells at each y position) 
and the solid scaffold (gelatine fibres) (for the area fraction occupied by the fibre 
scaffold at each y position). Chapter 4 includes measurements of the diffusion 
coefficient of oxygen, D02 , in water and gelatine.
The reaction term of equation (3.6) representing oxygen consumption by the cells has 
been modelled by the following relation:
Q o2 — k o z ^ c e l l  (3.6)
Where the rate of oxygen consumption is proportional to the concentration of alive 
cells, Cceii and ko2 is a parameter to be determined for smooth muscle cells in 
experiments in Chapter 6.
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3.3.3 Cell transport
The cellular dynamics is modelled using a transient, two dimensional equation where 
the cell concentration is a function of convection, cellular migration, growth and death.
^ ^ c e l l  1 ^ ^ ^ c e l l    Cçeii . ^  ^  / g
dt dx ~  Qy2 Vcell growth Vcell death
Cceii is the cell concentration in the seaffold, U is the velocity of the culture medium, t 
is the time (s), and Dy are the cell migration coefficients in the x and y directions 
respectively, Qceii growth the cell growth rate (s'^), and K^gath is the death rate constant of 
the cells. Due to the nature of the experimental conditions, the cells are seeded statically
before culture in both the static and dynamic culture environments =  0.ax
Due to the relatively short period of cell culture and monitoring in this study of 9 days 
the term of cellular death was negleeted.
Qcell death ~  (3-8)
The input variables and parameters required for the solution of this equation are the 
initial cell seeding density and cell attaehment constant onto the scaffold, a cell growth 
model and the migration constant of the smooth muscle cells.
There are a number of established models that predict cellular growth as a function of a 
critical parameter, one of these is the Monod equation which considers oxygen as the 
critical parameter. In this case, the growth rate of the cells is given by the relation:
Qcell growth ~  ^growth^cell (3*9)
Where the Monod model has been used for the cell growth constant, Kgrowth, as a 
fiinction of oxygen concentration and consumption, given by the following relation:
dCoxygen/
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Where Kgi.owth,max is the maximum smooth muscle cell growth rate (s‘ )^, is
the maximum oxygen consumption rate of cells (mol min'^ cells’ )^, and Rg^ ^^^is the 
average oxygen consumption rate of cells (mol min'^ cells’^ ).
While the Monod equation does not include a term for the contact inhibition of cell 
growth, such as other cell growth models, for example, the Contois equation (Contois 
1959), in this study the cell density is translated to a local area fraction of the scaffold 
covered by the cells, which depends on the cell density and the cell dimensions. When 
this local area fraction reaches 1 (full area coverage by the cells), one cell layer is 
completed at that x- and y- location, and then a new partially filled cell layer is started. 
Hence, cell contact inhibition is taken into account in this study in the computational 
model.
In this study, cell growth is governed by the limited availability of oxygen, governed by 
the oxygen transport equation (3.6) and the locally existing cell concentration governed 
by migration, growth and inhibition.
3.3.4 Dynamic environment
As cells grow and proliferate they cover the surface of the fibres and fill the void spaces 
in the scaffold. The decrease in porosity will decrease the flow of the culture medium 
and supply of oxygen and thus subsequent cell growth. In order to take into account the 
changing environment, the porosity and the permeability are updated as a function of 
time in the model of the tissue engineering process, followed by the recalculation of the 
flow, oxygen transport and cell kinetics as a function of time, at each time step in the 
numerical model.
One way to mathematically demonstrate the decrease in porosity is to assume that the 
fibre diameter increases as cells are adhered to them. By inputting the average cell 
thickness and the number of cell layers adhering to the scaffold, the new fibre diameter 
can be calculated. The porosity is then updated in terms of the ratio between the initial 
and final fibre diameters.
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The value of the permeability of the solid porous scaffold (including fibres and attached 
cells) is then updated using the Carman-Kozeny equation (Carman 1937, Amico, 
Lekakou 2000) using the updated values of porosity and fibre diameter.
X = ^o[^fj§E$] (3-12)
Where s is the updated porosity, is the initial porosity, do is the initial fibre diameter 
and d the updated fibre diameter, K is the updated permeability of the scaffold, and Kq 
is the initial permeability of the scaffold.
3.4 Numerical discretisation and solution
The equations are discretised using an implicit finite volume/ finite difference 
numerical technique. The x-axis through the depth of the scaffold or graft, and the y- 
axis across a volume-averaged pore, are both discretised into a grid of i and j, 
respectively, as displayed in Figure 3.2. In the discretised numerical equations, the 
indices of the (i, j) grid feature are subseripts for eaeh variable. The time of the tissue 
engineering process is also discretised into time steps, with the two consecutive time 
steps n and n+1 featuring as superscripts in the discretised numerical equations.
Henee, after numerical discretisation the oxygen transport equation (3.6) can be written 
as:
n+1 , à U A t\u ,C o 2 f J ^ - U i - i C 0 2 f * l ]  Do2 M \C a 2 f^ ^ y 2 Co2 fl'^ + C o 2 f * l ]
^ Ax Ax^
ij
= <2o2yAt +  (3.13)
Similarly the cell transport equation (3.8) has been discretised as:
Ay 2
^growth^celU ^cell (3.14)
iJ
Equations (3.13) and (3.14) are solved for the volume-averaged oxygen concentration 
Co2,i/^^ and the volume-averaged cell concentration Cceii,ij"^  ^ at each grid point (i, j) 
and each new time step n+1. At each new time step, n+1, the terms on the right hand 
side of equations (3.14 and 3.15) are known from the solution of the previous time step
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n (or from the initial values at the first time step). If the variables of the solution 
proeedure for each transport equation, C02 and Cceii, are represented by the general 
variable ^ in the general transport equation of variable (j), then the general discretised 
transport equation for ^  has the following form for all i, j points in the scaffold or graft 
and all time steps n:
- S i i j r  (3.15)
Where the coefficients AE(i,j), AW(i,j), AP(i,j), AN(i,j), AS(i,j) and the source term 
S(i,j)" are known at each new time step n+1, whereas (|)ij.
r^^are unknowns for all i’s and j ’s at each new time step n+I. Hence, equation (3.17) 
represents a penta-diagonal matrix of coefficients of unknowns for the general 
numerical system of discretised equations for the transport of general variable 0 . This 
means that the oxygen transport and cell transport models have been converted to two 
penta-diagonal systems of numerical equations.
For each pentadiogonal system of numerical equations, a double sweep method is 
applied to convert the system to a tri-diagonal system of equations, where the Thomas 
algorithm (Patrick 1976) is applied to solve each tri-diagonal system of equations.
The procedure is illustrated for the general transport equation below, starting with the 
double sweep method, dividing the time interval from n to n+1 to two sub-intervals: n 
to n+1/2 for the first sweep solving across all i’s; and n+1/2 to n+1 for the second 
sweep solving across all j ’s (Lekakou 1987).
First sweep:
AE{i,j)<i>tl!i^  -AP{i.j)<t>^f'^+AW{i.j)4,'l^ll.^ = -AN(,i,J)(Pfj ,^ -  
A S ( i ,; )C y _ i-5 ( j ,; ) "  (3.16a)
Second sweep:
AN{i,i)4,fJi  ^ -  AP{i,i) f^J  ^+ =  -SiUjT -  -
A W { i M t i ! j ^  (3 16b)
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Equations 3.18a and 3.18b are in the form of tri-diagonal systems of equations:
bi(pi+i -  ttipOj +  Ci0£_i = - d i  i =1, k, n (3.17)
Thomas algorithm (Patrick 1976) was used to solve each tri-diagonal system of 
equations. Where ai and Cn are zero and k=2, ...., n, the solution algorithm is (3.20):
m = (3.18a)
b'k = b k - m c k - i  (3.18b)
d'k =  d k - m d k _ ^  (3.18c)
Then
<I>n=p (3.18d)
F o r k = n - l ,  , 1
< I)^= Sz2S t± i (3.18e)
3.5 Computational model and code
Figure 3.3 presents the flowchart of the computer algorithm solving the mathematical 
problem of the tissue engineering processes in the scaffold. After the parameters of the 
geometrical structure and properties of the scaffold are initialised, cells and culture 
medium are inputted in the code. The total number of the j points to the fibre surface, 
JF, surrounding a volume-averaged pore is inputted as the integer ratio of the averaged 
pore radius divided by the cell thickness, so that the averaged pore can be filled with 
consecutive complete layers of cells building up from the fibre surface inwards towards 
the centre of the pore (j=0). Table 3.1 presents a list of the input parameters for the 
code, which are going to be measured for this study in Chapters 4-6. Figure 3.3 shows 
the computer code flow chart plan.
Initial conditions (t=0) include inputted oxygen and cell concentrations at the surface of 
the scaffold (i=l) and 0 oxygen and cell concentration in the rest of the scaffold. In the 
case of static conditions, the cell concentration at the surface is updated at each new
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time step as a result of cell growth there and cell migration away from the surface into 
the scaffold. In the case of dynamic conditions, a rotating shaft with a scaffold attached 
around it, in a bioreactor filled with culture medium; an additional source term is added 
to increase the cell concentration at the surface of the scaffold; this term is proportional 
to the cell concentration of culture medium at each new time step, and the angular 
velocity Ue at the rotating scaffold surface, with a constant of proportionality
kcell,attach,dynamic •
Table 3.1: List of input parameters
Param ete r Units
SCAFFOLD PHYSICAL CHARACTERISTICS
Length (L) m
Width (W) m
Thickness (H) m
Porosity no units
Permeability m
Fibre diam eter m
Pore Diameter m
Fibre Density Kg/m3
Swell Ratio of scaffold in hydrated conditions %
Oxygen d iffusion, saturation, and consum ption
Oxygen saturation level in culture medium mol/m^
Oxygen saturation level in gelatin mol/m^
Diffusion coefficient of oxygen in culture medium mVsec
Diffusion coefficient of oxygen in gelatin mVsec
Diffusion coefficient of oxygen across cells mVsec
Mass transfer coefficent between gelatin and culture medium m/sec
Oxygen maximum consumption rate mol/cell/sec
Average oxygen consumption rate m ol/cell/sec
Culture medium
Viscosity pa.s
Cellular Kinetics and cu lture conditions
Seeding cell concentration cell/m^ or cells/L
Initial volume fraction of scaffold and attached cells no units
Maximum cell density per cell layer (confluent cell area on scaffold surface) cells/m^
Cell attachment constant (percentage of seeded cell that adhere to scaffold) %
Cell migration coefficient mVsec
Average cell thickness m
Average cell Area m
Angular velocity rad/sec
Dimensions of bioreactor m
Maximum cell growth constant s-'
Average cell growth constant s '
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S et input param eters  
initialisations T im e=0
N ew  tim e  s te p  At 
Time=Time+ At
Solve m edia flow  eqn  
through scaffold
T
Solve oxygen m ass 
transport eqn
Solve cell transport 
eq n s
At all poin ts, if last cell 
layer filled, up date  
num ber o f  cell layers
R ecalculate scaffold  
structure and scaffold  
properties
N o
At all poin ts, if porosity  
= 0, s e t  m edia  flow  
velocity  =  0
Print results
Figure 3.3: Computer code flow chart plan
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Chapter 4: Measurement 
of oxygen transport 
properties In gelatine
gels
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4.1 Introduction
As previously discussed, oxygen concentration is regarded as the limiting factor for 
tissue engineered constructs. The need for data of oxygen transport properties across 
hydrogels, used as materials in tissue engineering, has been highlighted so that 
comprehensive modelling and simulations can be carried out for tissue engineering, 
including oxygen transport, and the suitability of the proposed scaffolds can be assessed 
to be used in vascular grafts. A non-invasive and relatively low cost method is proposed 
in this study for the measurement of oxygen concentrations across transparent or semi­
transparent hydrogels, and monitoring of oxygen transport as a fonction of time. The 
method consists of dissolving a fluorescent dye in the gelatine gel, where fluorescence 
quenching takes place in the presence of oxygen.
Energy transfer between the fluorophore and oxygen molecules occurs as oxygen 
collides with the fluorophore particles in their excited state, which leads to de-excitation 
of the excited fluorophore without luminescence. This means that fluorescence 
quenching happens. A camera has been employed in conjunction with image processing 
to monitor the light intensity distribution across the gel, as a fonction of time. The 
frequencies of collisions (or in other words the concentration of oxygen in this ease) 
define the rate of fluorescent loss, as determined by the Stokes-Volmer equation, so that 
the light intensity data are translated to oxygen concentrations. The fluorophore (Tris (4, 
7-diphenyl-1, 10-phenanthroline) ruthenium (11) dichloride complex) has been used to 
dope the gelatine gel in this study. By fitting the concentration profile change with time 
to a numerical model, the diffusion coefficient and mass transfer coefficient of oxygen 
in gelatine have been determined for both uneross-linked and cross-linked gelatine.
The first part of this section describes the preparation of gelatine gels and the 
optimisation of their cross-linking on the basis of swelling and gelatine dissolution tests 
in water. The second part of this section focuses on the monitoring of the oxygen 
transport in uncross-linked and cross-linked gelatine gels and the determination of the 
transport properties.
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4.2 Materials
Gelatine is a pure protein obtained by thermally denaturing collagen (Bailey, Light 
1989). There are two types of gelatine, classified according to the type of pre-treatment 
undergone to break the triple helix structure of collagen. Type (A) gelatine is derived 
from collagen by pre-treatment with acid and has an isoionie point between 7 and 9. 
Alkaline pre-treatment of collagen results in type B gelatine with the isoionie point in 
the range of 4.8-5.2. In this manner, gelatine can be dissolved in water and can easily 
form gels when allowed to cool while in solution. Gels are thermally reversible and are 
also degraded by the cells. In the cell-based degradation, the amino acids of the gelatine 
are recognised by the cells as extra cellular matrix, which is degraded by the enzymes 
secreted by the cells (Lee, Mooney 2001). In this study porcine gelatine type A from 
Sigma Aldrich was used with isoionie point 8. A 25 % w/v glutaraldehyde solution of 
grade 1 (purity>99.9%) from Sigma Aldrich was used at the starting solution to be 
diluted to different concentrations with deionised water for the eross-linking of gelatine.
4.3 Gelatine gels
4.3.1 Preparation of gelatine gels (uncross-linked)
Gelatine disks were prepared by heating a 2% gelatine solution in de-ionized water, 
under constant stirring at a temperature of 40°C. The solution was then cast in a glass 
container and left to gel in the fiidge for 2 h.
4.3.2 Cross-linking of gelatine gels
In order to ensure that the gelatine scaffolds to be employed for the tissue engineering 
of vascular grafts, do not dissolve in the water of the culture medium or the fluids of the 
organism after implantation for a required period before the cells generate a sufficient 
amount of ECM, the gelatine gels need to be eross-linked as the original collagen 
structure. Typical cross-linking reagents for gelatine and collagen are aldehydes like 
formaldehyde and glutaraldehyde. To avoid such potentially toxic compounds, sugar 
cross-linking reagents were tried first. Different sugars have been reported to be able to 
cross-link gelatine, including monosaccharide (fructose and glucose), disaceharide 
(sucrose) as well as the polysaccharide dextran (Cortesi, Nastruzzi & Davis 1998).
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There are two ways of using sugars to cross-link gelatine; either by using the sugar on 
its own (native sugar) or by oxidising the sugar before its application to the gelatine. 
Preliminary experiments of cross-linking gelatine using fructose yielded gels instantly 
soluble in water at 37°C (body temperature), so it was thought that the eross-linking 
effect of these sugars was terribly weak. Hence, the alternative method of using 
glutaraldehyde as a cross-linking agent was employed, where washing of the gel with 
deionised water after cross-linking was applied to remove any remaining glutaraldehyde 
and avoid its toxic effects.
While alternative reaction mechanism to the accepted standard between glutaraldehyde 
and gelatine is proposed at acidic conditions (Stefano, Jianhui & Qingrong 2010), for 
the intended purpose all gelatine gels and eleetrospun scaffolds will be cross-linked 
under neutral pH; where un-protonated e-amino groups (-NH2) such as lysine and 
hydroxylysine (which are in abundance in the gelatine’s composition) would react with 
the carbonyl groups (C=0) through a nueleophilic addition reaction, to form the 
tetrahedral unstable state carbinolamine. The second stage of the cross-linking process 
involves the protonation of the -OH group, followed by the loss of a water molecule to 
yield a conjugated Sehiff base (a compound with a carbon-nitrogen double bond with 
the nitrogen atom connected to an alkyl group). The described cross-linking process 
produces a covalent bond between gelatine molecules in an intermoleeular and 
intramolecular scale.
Gelatine disks of 10 mm thickness were left immersed in glutaraldehyde solutions in 
water of different concentrations, in the range of 0.5 to 10 % w/v, for different cross- 
linking times, in the range of 30 min to 9 h, to study and optimise the cross-linking 
process.
4.3.3 Swelling and dissolution tests of gelatine gels in water
After eross-linking, the cross-linked gelatine gels were washed with 20ml deionised 
water three times and stored in the fridge at 4°C. The freeze-dried gels were immersed 
in a beaker of deionised water at 37°C (body temperature). At regular time intervals, 
they were taken out, pat-dried with a paper towel and were weighed. The swelling ratio, 
Sr, was calculated as:
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5 =  Eswollen (4,1)
 ^ rtii
The mass of the swollen gel is mswoiien, and mi is the initial mass of the dry gel. The 
swelling ratio is an indicator of how much water can gelatine gel absorb, and it has a 
direct correlation with the extent of cross-linking (Hakata et al. 1994).
Properly eross-linked gels should not be able to dissolve in a solvent; they should be 
able to withstand typical biological conditions. Hence, for a cross-linked gel immersed 
in a liquid, such as water, the amount of gelatine that is dissolved in the liquid as a 
function of time can be another indicator of the extent of eross-linking and is used to 
investigate whether the gelatine structure can withstand the conditions in the bioreactor 
and in the human body and to optimise cross-linking.
For cross-linked gelatine immersed in a liquid (water), the amount of gelatine that is 
dissolved in the liquid is another indication of the extent of eross-linking and was used 
to investigate whether the gelatine structure could withstand the conditions in the 
bioreactor and in the human body, as well as to determine the optimum cross-linking 
conditions. Examples in the literature include gelatine capsules used in medicine 
(Hakata et al. 1994) as well as scaffolds holding drugs for a slow release (Ulubayram, 
Eroglu & Hasirci 2002); (Cortesi, Nastruzzi & Davis 1998), where the swelling ratio 
was measured to establish the optimum cross-linking conditions.
Spectroscopy is the study of the interaction between matter and radiation, as a function 
of the radiation wavelength, in this case the power of the beam that interacts with the 
solution. The technique follows the Beer-Lambet law:
Abs = -  log (^ -£j = Amc x c x L  (4.2)
Where Abs is the absorbance, lo is the incident light intensity. It the transmitted light 
intensity, Aj^c is the molar absorptivity constant, c is the concentration of the substance 
of interest and L is the path length of the beam through the sample. Using a 
bieinchoninie protein assay (BCA) and a UV spectrophotometer, the amount of protein 
(from gelatine in this ease) in a solution can be determined. The BCA works by 
combining two methods, the first is the reduction copper (II) sulfate Cu^  ^to Cu^  ^by the 
dissolved protein (amino acids in gelatine) in an alkaline environment. One Cu^^
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combines with two molecules of bieinchoninie acid to form a water soluble complex 
that shows a strong absorbance under 562 nm and in linear correlation with the 
concentration over a wide range of concentrations, allowing the utilisation of 
spectroscopy to determine the protein concentration in a protein solution (Smith et al. 
1985).
In order to establish the standard ealibration curve for gelatine, 16 vials containing 
different concentrations of uncross-linked gelatine dissolved in distilled water were 
employed. The concentrations ranged between 0.005 and 0.15 mg/ml. A mixture of the 
BCA kit was prepared by combining 100ml of BCA reagent A (sodium carbonate, 
sodium bicarbonate, bieinchoninie acid and sodium tartrate in 0.1 M sodium hydroxide) 
with 2 ml of BCA reagent B (4% cuperic sulphate). 0.1 ml of each prepared sample was 
mixed with 2 ml of the working reagent mixture. The mixture was incubated for 30 
minutes at 37°C before being allowed to cool to room temperature. The absorbance of 
the mixture under a wavelength of 562 nm was then measured using a 
spectrophotometer.
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Figure 4.1: Calibration curve for determining the concentration of gelatine dissolved in 
deionised water versus absorbance of UV light under 562nm.
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A calibration curve was constructed for the light absorbanee as a function of gelatine 
concentration for known gelatine concentrations dissolved in deionised water, using the 
UV spectrophotometer (Jenway, Genova). The relationship is linear, and the calibration 
line was used to determine the eoneentration and mass of gelatine dissolved in water in 
the dissolution experiments of cross-linked gelatine gels at 37°C.
4.3.4 Results of the swelling and dissolution tests of cross-linked gels 
and optimisation of cross-linking of gelatine gels
Cross-linking of gelatine gel discs immersed in glutaraldehyde solutions in water was 
carried out for 30 min and 60 min for different concentrations of the cross-linking 
solution, at 0.5, 1,2,5,  10 % w/v in water. Figures 4.2 and 4.3 show the results of the 
swelling tests of the cross-linked gels in water at 37°C, where they present the swelling 
ratio as a function of time of immersion in water. In general, most swelling occurs in 
the first 30 min and the rate of swelling is lower for higher coneentrations of the 
glutaraldehyde solution, which are expected to have caused a higher degree of cross- 
linking in the gelatine gels. All gels seem to be following a similar trend where after the 
initial quick uptake of water, there is a decline in the rate until it reaches a plateau.
450  - | 1% Glutaraldehyde
2% Glutaraldehyde400  -
5% Glutaraldehyde
3 350 -
10% Glutaraldehyde
300  -
250  -
5  200
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40 50
Time (min)
Figure 4.2: Swelling ratio of gelatine disks treated with different concentrations of 
glutaraldehyde solutions for thirty minutes.
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Figure 4.3: Swelling ratio of gelatine disks treated with different concentrations of 
glutaraldehyde solutions for sixty minutes.
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Figure 4.4: Swelling ratio of gelatine disks treated with 1% w/v glutaraldehyde solution
for different times.
Figure 4.4 shows the effect of cross-linking time: for a relatively low concentration of 
glutaraldehyde solution, longer cross-linking time can increase the degree of cross- 
linking and reduce swelling. When compared to Figure 4.3, gels cross-linked using 1%
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w/v glutaraldehyde for 1 hour show nearly the same amount of water uptake as that 
eross-linked using 2% w/v glutaraldehyde for 30 min.
To further study the effect of the glutaraldehyde concentration during eross-linking, 
dissolution experiments of the cross-linked and uncross-linked gels were carried out in 
water at 37°C. Figure 4.5 shows the results of the percentage gelatine dissolved in water 
from the immersed gel disks as a function of time. The uneross-linked gelatine (curve 
labelled as 0% glutaraldehyde solution), used as a control, shows 100% dissolution in 
less than 24 hours. Cross-linking with 0.5 %w/v glutaraldehyde for 2 h reduces the total 
dissolution to a maximum of 8% gelatine dissolved in water in 9 days. A further 
increase in the eross-linking glutaraldehyde concentration to 1 % w/v shows a maximum 
dissolution of 2% of the total weight of the gel. Using 2% w/v glutaraldehyde for cross- 
linking decreased the total dissolution to about 1.5% after 9 days immersion in water at
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Figure 4.5: Percentage of gelatine dissolved in water measured using UV-spectroscopy of 
the dissolved proteins from the gel immersed in water at 37oC over a period of 9 days. 
Cross-linking time of 2 hours was used for different concentrations of glutaraldehyde 
solutions as indicated in the diagram of the curve labels.
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As a result, further experiments to determine the oxygen transport properties in cross- 
linked gelatine gels used 1 or 2 %w/v glutaraldehyde for 2 h of cross-linking time. For 
2 h cross-linking time in 1 or 2 %w/v glutaraldehyde solutions, used as cross-linking 
agents, the swelling ratio was measured as 250% or 200%, respectively, after 45 min 
immersion of the cross-linked gels in water.
4.4 Monitoring of oxygen transport and determination 
of oxygen transport properties in geiatine gels
4.4.1 Preparation of gelatine gel disks
Gelatine disks were prepared by heating a 2 % w/v gelatine solution in de-ionized 
water, under constant stirring at a temperature of 40°C. The solution was then cast in 
square glass containers of 13 mmxl3 mm base as is presented in Figure 4.6. The 
gelatine disks were cross-linked by immersing them in 1 or 2 % w/v glutaraldehyde 
solution for 2 h. The gelatine gel was then removed, washed with de-ionized water and 
stored in a refiigerator to slow the drying process. In the case of purposefully drying the 
samples for SEM imaging the samples were left in an oven at 30° C for 8 hours before 
being stored in a desiccator.
4.4.2 Preparation of ruthenium doped gelatine disks:
A number of fluorescent materials possess the ability to be quenched in their triplet 
excited state by oxygen. Table 4.1 summarises the typical fluorophores, their absorption 
and excitation peaks as well as their typical solvents. Disregarding fluorophores that 
produce an emission maximum just beyond the visible spectrum of 750 nm (top four 
highlighted in yellow), then selecting the fluorophores with the highest stoke shift 
yields the ruthenium salts as the ideal oxygen indicator (highlighted in green in table 
4.1). In general, ruthenium salts benefit from photo-stability, large stokes shift enabling 
easy acquisition of intensity, as well as large dynamic range for different concentrations 
of oxygen (O'Neal et al. 2004, Xiong, Xiao & Choi 2006).
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Table 4.1: List of typical fluorophores for measurement of oxygen
(fluorophore.org, database of fluorescent dyes and applications)
Fluorophore Solvent Absorbtlon (nm' Emission (nm) Stoke shift
PtOEPK chloroform 398 760 362
PdOEPK toluene 601 791 190
Palladium(fl) meso-tetraphenyl- 
tetrabenzoporphyrin toluene 629 797 168
Platinum(II)
tetraphenyltetrabenzoporphyrin toluene 614 770 156
Tris(4,4-diphenyl-2,2- 
bipyridine)ruthenium(II) chloride Glycerin 479 613 134
Diehlorotris(l,10-
phenanthroIine)ruthenium(II) Glycerin 449 582 133
Tris(4,7-diphenyl-l,10- 
phenanthroIine)rutheniuinOQ) TMS
Glycerin 467 597 130
Ir-OEP-CO-Cl Toluene 550 672 122
PdTFPP chroroform 552 670 118
PtOEP toluene 536 647 111
PtTFPP chloroform 540 650 110
Ir(Cn)2(acac) chloroform 450 545 95
While the stoke shifts for the salts is very close, one fluorophore that stands out is the 
ruthenium complex Tris(4,7-diphenyl-l, 10-phenanthroline) ruthenium(II) dichloride 
which has a wider excitation peak and a sharp emission peak: this allows the 
fluorophore to be easily excited using economical LEDs with limited energy wasted and 
more efbeient one colour acquisition for light intensity measurement. In comparison, 
the other two ruthenium salts have a sharper excitation maximum requiring a more 
precise energy trigger. With the use of tris(4,7-diphenyl-l, 10-phenanthroline) 
ruthenium(II) dichloride, a low cost, blue LED can be an appropriate choice as the 
excitation light source.
As the ruthenium complex is insoluble in water, ethanol was used to dissolve the 
complex before being mixed with water. A solution for the ruthenium complex was 
prepared by dissolving 1 mg of the complex in 1ml of ethanol. Once the complex is 
dissolved, the solution was then mixed with 100ml of deionised water. This was carried 
out in a dark environment to preserve the ruthenium life. Once the solution was 
prepared, it was stored in a dark area until further use. This solution was used to
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monitor the oxygen transport through water via fluorescence quenching (Figure 4.6(a)) 
and also to make the gelatine gels, as is described below.
Before the preparation of the ruthenium doped gelatine disks, the ruthenium solution 
was deoxygenated by bubbling nitrogen gas through it for prolonged periods (in excess 
of 2 hours for a 10 ml solution) to ensure the removal of oxygen. The gelatine disk 
preparation step was carried out in an oxygen free environment which was monitored 
using a dissolved oxygen meter. 2% w/v gelatine solutions were prepared by adding 
the required gelatine powder to the deoxygenated ruthenium complex solution and 
heating the mixture to 40 °C for 3 min under stirring to dissolve the gelatine. The 
solution was allowed to cool and gel.
To cross-link the gel, 1, 1.5 or 2 % w/v of deoxygenated glutaraldehyde solution was 
used to cover the gel for a period of two hours. After cross-linking the gel, was washed 
using de-oxygenated deionised water to remove any excess glutaraldehyde remaining in 
the gel to avoid further crosslinking, again this step was carried out in an oxygen free 
environment.
To ensure that there was no oxygen uptake during gel swelling, the gel was covered 
with deoxygenated deionised water and left overnight; this ensured a ftilly swollen gel 
and, hence, decreased the effect of water uptake. Finally, the ruthenium solutions (either 
saturated with atmospheric oxygen, or deoxygenated) were used to cover the gel and the 
light intensity of the ruthenium complex was investigated over time.
The doped gels were cast into airtight clear glass square containers of 
13mmxl3mmxl6mm. 7 mm of the container’s height was filled with gelatine. During 
the oxygen transport monitoring experiments, each gel was covered with 5 mm water 
layer (see Figure 4.6), through which oxygen transport took place.
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Figure 4.6: Diagram of the cells used for the oxygen transport monitoring experiments; (a) 
oxygen transport monitoring in water; (b) oxygen transport in the gelatine sample
covered by water
4.4.3 Imaging of the oxygen transport dynamics in the gelatine gels
The oxygen eoneentration of the gelatine gels was monitored dynamieally using the 
fluorescence quenching technique. The novelty in this study was that instead of using 
an invasive optical fibre sensor, a fluorescent dye was dissolved in the gel and the light 
intensity of a large area of gel was imaged by a CCD camera. A similar setup has been 
reported in literature for water ((Lee, Schladow 2000), CCD camera to image spot in 
water illuminated by focused laser beam) and for large-area monitoring of oxygen 
dynamics in the endolithic algal community in massive corals (Kühl et al. 2008). It is 
the first time the technique is applied to gels.
The transparent square containers holding the gelatine gel samples were placed on a 
semi-transparent platform that served the purpose of diffusing the light from a blue 
LED array, fixed under it. A CCD camera was used to take photos of the sample at 
regular intervals, as is presented in the diagram of Figure 4.7. The samples were placed 
so that the sample interface with the oxygen rich medium was opposite to the camera
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used to capture the images. This entire setup was placed in a dark box to eliminate the 
effect of outside light sources, ensuring that the LED was the only excitation source. 
The excitation source consisted of an LED emitting blue light of 470nm wavelength. 
The LEDs and the camera were connected to a DC power source and a computer, 
respectively, both placed outside the dark box so that both could be used to control the 
excitation and image acquisition remotely without disturbing the experiment. The 
software used to control the camera and capture the images was LuCAM capture. The 
LED voltage and current were set at 3.73 V, and 28 mA for all experiments and the 
images were taken having switched off the autofocus and automatic image 
enhancements, to maintain image repeatability.
C a m era
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Figure 4.7: A diagram of the experimental set up of imaging the oxygen transport
Quenching of the ruthenium dye fluorescence by oxygen is governed by the Stem- 
Volmer equation (Howell, Kuzyk 2004).
Y -  1 + KCq2 (4.1)
Where I is the fluorescent intensity in the absence of oxygen of concentration C02 and I 
is the intensity with the presence of that quencher. K is the Stem Volmer constant. The 
linear relationship between f / I  and the concentration enables the easy investigation of 
the quenching constant K.
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Independent photobleaching experiments were performed for the ruthenium dye used in 
this experiment. The samples were prepared, maintained and tested in an oxygen-free 
environment so they contained no oxygen. Figure 4.8 presents the red light intensity 
(that was used to measure oxygen concentration in this study) as a function of time for 
an uneross-linked gelatine sample under the blue LED light for the whole duration of 
the experiment. Light intensity fluctuations of ±5% are observed, most probably 
associated with the operation of the LED. Overall, photobleaching of 1-2% is observed 
after 100 min continuous exposure to the blue LED.
To avoid the photobleaching of the ruthenium complex in all oxygen measurement 
experiments in this section, the light source was only switched on for an average of 10 
seconds every time an image was taken instead of being switched on for the entire 
period of the experiment. Furthermore, all experiments were carried out with two 
samples of water, uneross-linked or cross-linked gelatine, depending on the case: one 
sample was the sample in which oxygen transport was imaged, and the other sample 
was of the same material but without any oxygen. Light intensity was monitored in the 
other sample as well to check for photobleaching. No photobleaching at all was 
recorded.
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Figure 4.8 Photobleaching test: monitoring of the light intensity in uneross-linked with the 
ruthenium complex dye, in the absence of oxygen, and under continuous exposure to the
blue LED light.
70
4.4.4 Image analysis
The tris (4, 7-diphenyl-l, 10-phenanthroline) ruthenium (II) dichloride fluorescent dye 
absorbs blue light of 455 nm and emits light of smaller frequencies. Water solutions of 
the dye looked pink while imaging of the water and gels with the dye, in the absence of 
oxygen, under the effect of the blue LED light produced images of deep pink colour. 
As the oxygen diffused through to the area under examination, the pink colour turned to 
blue. In the image analysis, the image was scanned, and a colourmap was generated for 
the area of interest with a matrix of the RGB (red, green, blue) intensity values for each 
pixel. Plotting each of these three colour intensities versus time in the case of dynamic 
oxygen transport showed that the significant change was in the red value, which 
decreased as the oxygen concentration increased, indicating fluorescence quenching so 
that the red intensity value (normally emitted under fluorescence) decreased. The 
changes in the blue and green were not so significant, so the red intensity value of each 
pixel of the area of interest was read in the image analysis of the area of interest in each 
photograph.
The images were analysed using JMicrovision Software to set the position of the area of 
interest and calibrate the length distances in the samples from pixels to SI units. A 
computer code was written in MATLAB for partitioning the area of interest into pixel 
blocks, extracting the red values from the colourmap of the area of interest and creating 
a profile of the red value across the pixel blocks of the area of interest.
Symmetry
Unselected Unselected
L in es  1 2  3 4
Figure 4.9: Image of the light path through a water sample in the container where 
the container is placed on top of the LED diffuse platform, and a Trapezoidal 
schematic of that light path, where the areas not be selected in the image analysis
are indicated.
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The light path of the LED light through the sample in the container is shown in Figure
4.9. The light beam and, hence, the fluorescent image follows a trapezoidal area, as is 
presented in the schematic. In order to be able to study oxygen transport along the 
whole distance downwards, a rectangular area indicated in the schematic in Figure 4.10 
is the maximum area that can be selected. Given that the LED source was placed under 
the centre of the container, the rectangle is treated as a symmetrical area in terms of 
oxygen concentration and red light intensity.
Oxygen transport and, hence, red light intensity was considered along a vertical line in 
the sample, where this line was a column of 4 pixel width in the image or of 291 pm 
real width in the sample (Figure 4.10). The MATLAB code written for this work read 
the inputted image file of the selected column and acquired the red intensity value from 
every pixel in the image. Squares of 4x4 pixels were grouped and their red values 
averaged. These were then normalised against their own corresponding square from the 
first image at time zero before the boundary conditions were changed. The normalised 
value was used in order to be able to compare between points at different distances 
from the light source, as the light intensity falls with distance away from the light 
source.
Time
 >
35 0  min
4  pi>-els= 
0 .2 9 1  mm
Figure 4.10: Images of the same area of 4 pixels width at 50 minute intervals, where 
dynamic oxygen transport occurs from the top downwards. The last image displays the 
image partitioning into blocks of 4x4 pixels applied in the image analysis
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First of all intra-variability has been checked, i.e. measurements variability at different 
positions, within the same sample, at the same depth (at the same distance from the 
surface). The normalised intensity values were considered along the parallel red lines 
(columns) 1, 2, 3, 4 in Figure 4.19, where line 1 is furthest away from the centre and 
line 4 at the centre of the sample and over the centre of the LED source. Each line is 
actually considered as a column of 4 pixel width in the images, as presented in Figure
4.10.
Figure 4.11(a) shows the normalised red intensity values at a depth of 0.5 mm from the 
surface at four different positions on the four parallel lines in Figure 4.10, as a function 
of time, during unsteady state oxygen transport from the surface of the uneross-linked 
gelatine sample. It can be seen that the data of the position on line 1 (furthest away from 
the centre of the LED beam) have the furthest variability from the data of the positions 
in lines 2, 3, 4, whereas the data of the positions 3 and 4 are very close together. In 
Figure 4.11(b) the line of best fit is presented over the experimental data of all positions 
(on lines 1,2,3,4), with a calculated average standard deviation of ±2.2% In the 
acquisition, processing and reporting of the data using fluorescence quenching for 
determining the oxygen concentrations in Chapter 4, all data have been obtained from 
lines 3 and 4 (closest to the centre where the least variation would occur) and a fifth line 
between lines 3 and 4: for lines 3 and 4 the standard deviation was ±0.7% in Figure
4.11. Similarly for samples of gelatine cross-linked with 1 % w/v glutaraldehyde, the 
average standard deviation of normalised red value was ±1.2% for two positions on the 
lines 3 and 4 closest to the centre, at a depth of 0.5 mm from the surface while 
monitoring unsteady state oxygen transport from the surface as a function of time.
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Figure 4.11: Normalised red values showing intra-sample variability during monitoring of 
the oxygen transport at 0.5 mm from the surface of a ruthenium doped un-cross-Iinked 
gelatine sample, at four different positions on the vertical lines 1, 2, 3 and 4 of the diagram 
of Figure 4.10: (a) experimental data points (b) data points and line of best fit over all
experimental data
To determine the repeatability between different experiments with a different sample 
for each experiment, different samples were prepared, and tests were conducted 
following the same procedure. Figure 4.12(a) shows two different water samples.
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originally with no oxygen, and subjected to air at t =0. Figure 4.12(a) shows the profile 
of the red values from the surface to the bulk at different times for the two experiments. 
The data show a ±1.8% standard deviation between the two experiments in the two 
water samples. Three experiments with three different samples of un-cross-linked 
gelatine gel were carried out with the data in Figure 4.12(b) showing a maximum 
standard variation of ±3.2% and an average variation of ±1.6%. However, repeating the 
exercise with three experiments of three different samples of the gelatine cross-linked 
with 1 % w/v glutaraldehyde (Figure 12(c)) resulted in much higher maximum standard 
deviation ±11 and average standard deviation of ±6.2%.
The errors (intra and inter sample variability) were combined using the square root 
method to establish an overall standard deviation of measured results: for un-eross- 
linked gelatine the overall standard deviation was calculated as ±4.5% and for cross- 
linked gelatine the overall standard deviation was calculated as ±11%.
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Figure 4.12: : repeatability between different experiments.: Normalised red values at the 
centre of the sample, during unsteady state oxygen transport from the surface: (a) two 
different water experiments (b) three different uneross-linked gelatine experiments at 0.5 
mm from the surface, and (c) three different experiments in gelatine cross-linked in 1 % 
w/v glutaraldehyde at 0.5 mm from the surface.
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4.4.5 Calibration
In order to calibrate the behaviour of the tris(4,7-diphenyl-l, 10-phenanthroline) 
ruthenium(II) dichloride fluorescent dye in the presence of oxygen a calibration curve 
of the normalised red value against known oxygen concentrations in the water solution 
was established. First of all, the two extreme points of the range of any experiments 
were obtained: the normalised red value in ruthenium doped deoxygenated water and 
the normalised red value in ruthenium doped water, fully saturated with oxygen, where 
the latter concentration was also checked with a Hanna instruments HI9143 oxygen 
meter. Intermediate points in the calibration curve were obtained by allowing the 
ruthenium doped deoxygenated water to absorb oxygen under normal atmospheric 
conditions at room temperature, while the oxygen concentration in the solution was 
monitored with the oxygen meter and the values of the meter display were recorded 
simultaneously as photographs of the solution were taken by the CCD camera. In all 
calibration experiments, a wide 2 litre square container was used for the water to be 
able to accommodate the probe of the oxygen meter (of 2cm diameter) and the LED 
beam part away from each other to avoid interference from the probe.
Figure 4.13 displays the data points which are fitted to a straight line to model the 
Stem-Volmer relationship 1^ /1= 1+Kc, All experimental points of the calibration line 
were averaged over three calibration experiments and the average quenching constant K 
was determined as K= 1.786 m^mol'\ This is used to convert the normalised red 
intensity data into concentration curves across the length of the samples for both water 
and the gelatine. In the case of gelatine, it was not possible to obtain accurately the 
oxygen concentration with the oxygen probe and so the value of K=1.786 was used, 
same as the value of the Stem-Volmer constant of the tris (4, 7-diphenyl-l, 10- 
phenanthroline) mthenium (II) dichloride fluorescent dye in water. After all, the same 
tris(4,7-diphenyl-l, 10-phenanthroline) mthenium(II) dichloride fluorescent dye 
solution in water was used for the preparation of gelatine gels, containing 98 wt% of 
that solution (and only 2 wt% gelatine). Hence, as 98 wt% of the gels is the same dye 
doped water as before, it is expected that the fluorescence quenching behaviour of the 
dye in the presence of a certain concentration of oxygen in gelatine will be the same as 
the behaviour of the dye in the presence of the same concentration in water.
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Figure 4.13: Calibration line (line of best fît) for the normalised red intensity values of the 
tris (4, 7-diphenyl-l, 10-phenanthroline) ruthenium (II) dichloride luminescent dye in 
water as a function of oxygen concentration, where oxygen acts as luminescence quencher.
(Data points are the experimental data)
4.4.6 Mathematical model of oxygen transport
The two case studies of oxygen transport to water or to the gelatine gel were considered 
as displayed in Figure 4.14: At the beginning the sample (water or gelatine gel) had no 
oxygen. At time t = 0 the sample was exposed to oxygen of known concentration: the 
water sample was exposed to atmospheric air; the gelatine sample was covered with 
water fully saturated with oxygen. A mass transfer-diffusion model was used to 
simulate the unsteady-state oxygen mass transport across interfaces and in the bulk of 
materials, respectively. More specifically, Pick’s second law of diffusion was used to 
describe unsteady-state oxygen mass transport in the bulk of materials such as gel or 
water, which are considered as continuous media in this model:
dCo2 _
d t dx^ (4.2)
Where C02 is the concentration of oxygen, t is time, D is the diffusion coefficient of 
oxygen in the medium, and x is the position.
Mass transfer was considered at the water-gel interface so that the mass transfer flux at 
the interface is equal to the diffusion flux at the interface in the medium, where kc is the 
mass transfer coefficient.
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The finite element analysis software COMSOL-Multiphysics was used for the 
numerical simulations of the oxygen mass transport. Two simple CAD models were 
constructed using COMSOL multiphysics to simulate the two case studies of the 
experiments (Figure 4.14).
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Figures 4.14: CAD models where the boundaries are labelled with C (concentration), B 
(boundary condition insulation), F (thin boundary layer); fl  are the sub-domains.
The model was validated by simulating oxygen diffusion in water (Model 1), using a 
dynamic boundary condition at the water-air interface taken from the experimental data. 
The so determined diffusion coefficient of oxygen in water was compared with a known 
value from the literature. The model was then used in conjunction with the experimental 
data to determine the diffusion coefficient and mass transfer coefficient of oxygen in 
the gelatine gel (Model 2).
Model 1 for the case-study of Figure 4.14(a): Domain Di: Medium is Water 
At t=0 concentration c = 0 in all Qi.
Boundary conditions at t > 0:
At X = 0  mm (at the water-air interface), c = Ci the concentration of oxygen in water 
from experimental data in water at the water-air interface. This boundary concentration 
was considered dynamic, taken from experimental data of oxygen concentration at the
79
water-air interface at different times. The experimental data for this boundary condition 
were taken from a point closest to the water-air interface. A Ci(t) function was fitted
dcfrom the experimental data at the interface at different times. At x = L: — =  0
The program was run for different values of the diffusion coefficient (trial-and-error 
procedure) and the predictions were compared to the experimental data of oxygen 
concentration as a function of time in the whole water domain The best agreement 
yielded the value of the diffusion coefficient of oxygen in water.
Model 2: for the case-study of Figure 4.14(b): Domain Qj. Medium is Water, Domain 
ÇI3 : Medium is Gelatine gel.
At t=0 concentration c = 0 in all ^ 3.
Boundary conditions at t > 0:
At X = L (bottom of container): ^  =  0
To determine the diffusion coefficient of oxygen in the gel:
At X = 0 mm (at the gel-water interface), c = C3 the concentration of oxygen in the gel 
from experimental data in the gel at the gel-water interface. This boundary 
concentration was considered dynamic, taken from experimental data of concentration 
at the gel-water interface at different times. The experimental data for this boundary 
condition were taken from a point closest to interface. A C3(t) function was fitted from 
the experimental data at the interface at different times. The program was run for 
different values of the diffusion coefficient (trial-and-error procedure) and the 
predictions were compared to the experimental data of oxygen concentration as a 
function of time in the whole gel domain ^ 3. The best agreement yielded the value of 
the diffusion coefficient of oxygen in the gelatine gel.
To determine the mass transfer coefficient of oxygen in the gel:
At t > 0, the concentration of oxygen in Q2 (water) is set at the saturation value C2 = 
0.284. The contact line between the two domains was considered as a thin boundary 
layer with a third diffusion coefficient. The mass transfer coefficient kcthin was
8 0
calculated using the following formulae where di is the diffusion coefficient of the layer 
and is the thickness of the layer.
Kctmn = ^  (4.5)
This model can now be used to fit the experimental data using both the diffusion 
coefficient and the mass transfer coefficient of oxygen in gelatine. The model also 
provides evidence on the validity of the experimental data, as the interface boundary 
condition is not given fi*om the experimental data.
4.4.7: Scanning electron microscopy (SEM) of gelatine gels
The gelatine samples were placed in the freezer overnight reaching -80 °C; the samples 
were then submerged in liquid nitrogen before freeze drying overnight. The dried 
samples are sputter coated with 3 nm of gold and platinum (40/60) and grounded onto 
metal holders using silver paint. The samples were examined using Hitachi S-3200 N 
scanning electron microscope.
4.5 Results of the Oxygen transport properties in water 
and gelatine gels
Oxygen transport experiments were performed in the setup of the diagram 4.6(b), in 
which a gelatine gel/water system was de-oxygenated initially and then it was exposed 
to atmospheric air at the top fi*ee surface. Both gel and water were doped with the 
tris(4,7-diphenyl-1,10-phenanthroline) ruthenium(II) dichloride luminescent dye; the 
system was illuminated with an LED lying under the diffuse platform at the bottom of 
the container, images were taken regularly with the CCD camera and were analysed to 
extract the red intensity of blocks along a vertical column of 4 pixel width as described 
previously. Using the calibration diagram of Figure 4.13 and K = 1.786 m^mofl. In the 
Stem-Volmer relation, the normalised red intensities I/Iq were converted to oxygen 
concentration. Figure 4.15 shows the oxygen concentration profiles as a function of 
position fi*om the top of the water (x = 0 at the air-water interface) at different times. 
Both the water and gel in this case started with no oxygen at time 0. Oxygen was then 
allowed to be transported from the air layer at the top and diffuse over time. The data in 
the left part of the graph represent the oxygen concentration in the water and the data in 
the right part of the graph represent the oxygen concentration in the gel, where the
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water-gel interface is denoted by a broken vertical line in the graph. It is observed that 
the water seems to have an almost constant concentration of oxygen across its depth, 
when compared to the gelatine where the differences in concentration across its depth 
are much more pronounced. This indicates the fast diffusion of oxygen in water 
compared to the mass transfer rate of oxygen at the air-water interface which seems to 
govern the mass transport of oxygen in water.
Interface lines in the images had a certain degree of blurriness. Hence, the first two 
pixels (0.14 mm) at each interface were considered that were effectively discarded due 
to the experimental error at defining the interface line
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Figure 4.15: Concentration profiles of oxygen in water and uncross-linked gelatine in 
unsteady state oxygen transport from the air covering the water surface, where initially 
both gelatine and water were non-oxygenated. The broken black line represents the 
water-gelatine interface, the left side of the line shows the concentration profile of oxygen 
in water and the right side shows the oxygen concentration profile in gelatine.
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4.5.1 Determination of the diffusion coefficient of oxygen in water and 
model validation
The diffusion coefficient of oxygen in water was determined to validate the numerical 
model and the numerical technique presented in section 4.4.3. The oxygen transport 
from air to water was considered in Model 1 of Figure 4.14, where initially the water 
was non-oxygenated and at t = 0 the top water surface was exposed to atmospherie air. 
The determined diffusion coefficient from the experimental red luminescence 
quenching data and model of section 4.4.3 was compared with the value of the diffusion 
coefficient of oxygen in water calculated from the well-established relation (4.6) below, 
proposed by Wilke and Chang, 1955 (Kellner et al. 2002) which is based on the 
Stokes-Einstein equation:
=  7.4 X 10-« X (4.6)
Where T is the absolute temperature, ipHzo is a parameter for the solvent in this case 
water = 2.26 (Khaled, Vafai 2003), is the molecular weight of water 18g/mole, p 
is the viscosity of water and MVo2 is the molar volume of oxygen 25.6 cm^/g-mole 
(Kjellstrom, Ortenwall & Risberg 1987). Working at room temperature of 23°C, the 
diffusion coefficient of oxygen in water is approximately 2x 10'  ^cm^/second.
According to the procedure outlined in section 4.4.3 for determining the diffusion 
coefficient of oxygen in Model 1, a dynamic boundary condition of the oxygen 
concentration in water at the water-air interface was considered given by the line fit of 
the experimental data of oxygen concentration in the water near the interface, presented 
in Figure 4.16 at distance x = 0.281 mm from the air-water interface. A trial-and-error 
process was then followed, trying different values of the oxygen diffusion coeffieient in 
water, and deciding on the best value, depending on how well the predicted dynamic 
concentration profiles in water, away from the air-water interface (given boundary 
condition), agreed with the experimental data. Figure 4.16 shows that using the value of 
Do2-h20  = 2xl0'^cm^ s '\  produces very good agreement between the predictions and the 
experimental data at the positions x = 0.291 mm, 0.873 mm, 1.455 mm, 1.746 mm, 
2.037 mm, 2.38 mm, 1.455 mm.
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Figure 4.16:Experimental data and numerical predictions of oxygen concentration across 
the water body as a function of time at different distances from the air-water interface, 
where the numerical code used a given boundary condition at x=0.281 mm (which was the 
numerical fit of the experimental data at that position) and D 02-H 20 = 2xl0-5cm2 s-I.
4.5.2 Determination of the oxygen transport properties in uncross­
linked gelatine samples
For the gelatine gel experiments (uncross-linked or cross-linked gelatine), initially the 
gelatine gel was non-oxygenated. At t = 0 oxygen saturated water was placed on top of 
the gelatine (two media system in Figure 4.14 (b)) and photographs of the system were 
taken regularly over time, while the set up was illuminated by an LED source under the 
diffuse platform at the bottom of the container. Images were analysed, and the red 
intensity values were recorded over time. The normalised results were then used to 
calculate the concentration profiles of oxygen through the gel. The error bars in all 
experimental data of sections 4.4.5.2 and 4.4.5.3 originate from the range of the
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experimental data across 3 lines (columns of 4 pixel widths each) either side of the 
central line of the LED illumination beam, and also from variations between 2-3 repeat 
experiments for each case-study. The diffusion coefficient and mass transport of oxygen 
were determined for the uncross-linked gelatine according to the numerical procedure 
outlined for Model 2 in section 4.4.3.
For the determination of the oxygen diffusion coefficient in uncross-linked gelatine, a 
dynamic boundary condition was set for the oxygen concentration at x = 0.281 mm in 
the gel, from the gel-water interface, this boundary condition was the numerical fit of 
the experimental data at that point. The numerical model was then run for various 
values of the oxygen diffusion coefficient until the best agreement was obtained 
between the predictions and the experimental data. Figure 4.17 shows the oxygen 
concentration of five points across the un-cross-linked gelatine over time (at 10, 60, and 
90 min) and the numerical predictions using an oxygen diffusion coefficient of 0.75x10' 
 ^ cm^ s '\  similarly figure 4.18 shows the oxygen concentration profile versus vertical 
distance from the gel-oxygen saturated water intersurface for un-cross-linked gelatine 
after 10, 60 and 90 minutes of exposure to the oxygen saturated water, and the fits using 
the same coefficient. There is relatively good agreement between experimental data and 
predictions with a maximum error of ±0.25x10'^ cm^ s'^  which is the minimum step in 
the change of the diffusion coefficient in the trial-and-error numerical procedure.
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Figure 4.17: Oxygen concentration profile versus time for un-cross-linked gelatine: 
experimental data and numerical predictions using an oxygen diffusion coefficient of 
0.75x10-6 cm2 s-1 (dynamic boundary condition at the interface from experimental data). 
The different curves and data are at different distances from the gel-water interface.
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Figure 4.18: Oxygen concentration profile versus vertical distance from the gel- 
oxygen saturated water intersurface for un-cross-linked gelatine after 10, 60 and 
90 minutes of exposure to the oxygen saturated water: experimental data (points) 
and numerical predictions (lines) using an oxygen diffusion coefficient of 0.75x10-6 
cm2 s-1 (dynamic boundary condition at the interface from experimental data).
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Using the above value of oxygen diffusion coefficient in uncross-linked gelatine ( D 0 2 -  
u n c r o s s - i in k e d  g e la t in e  = of 0.75x10'^ cm^s’ )^, Saturated oxygcu boundary condition in water at 
the water-gel interface (no concentration boundary condition in the gel from the 
experimental data this time) and oxygen mass transfer in the gel at the water-gel 
interface, with changing mass transfer coefficient, kc, (in equation (3)) in a trial-and- 
error set of computer simulations until the predictions were in best agreement with the 
experimental data. The results are presented in Figures 4.19 and 4.20 with the best mass 
transfer coefficient value kc 0 2 - u n c r o s s - i in k e d  g e la t in e  = 2.89x10'^ m s'^  for a system of water- 
uncross-linked gelatine. However, it is noticeable in Figure 4.19 that around 60 min 
some experimental data of oxygen concentration at 1.5-1.746 mm have risen above the 
rest of the experimental data and above the predicted lines creating the impression that 
the water may cause fast ingression paths at the gel interface (like microcracks), 
creating a faster diffusion coefficient locally, with fast oxygen transport propagating 
quickly along some paths. For this reason, SEM was performed in all gels to investigate 
their microstructure.
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Figure 4.19: Oxygen concentration profile versus time for un-cross-linked gelatine: 
experimental data and numerical predictions using an oxygen diffusion coefficient of 
0.75x10'^ cm  ^s'^  and a mass transfer coefficient of 2.89x10'^ m s ’. The different curves 
and data are at different distances from the gel-water interface, at which the boundary 
condition is saturated oxygen concentration in water.
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Figure 4.20: Oxygen concentration profile for un-cross-linked gelatine as a function of 
distance from gel -saturated water intersurface after 10, 60 and 90 minutes of exposure to 
the oxygen saturated water: experimental data (points) and numerical predictions (lines) 
using an oxygen diffusion coefficient of 0.75x10-6 cm2 s-1 and a mass transfer coefficient 
of 2.89x10-7 m s-1. The boundary condition at the water-gel interface is saturated oxygen
concentration in water.
4.5.3 Determination of the oxygen transport properties in cross-linked 
gelatine samples
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Figure 4.21: Oxygen concentration profile versus time for cross-linked gelatine (with 1 % 
w/v glutaraldehyde): experimental data and numerical predictions using an oxygen 
diffusion coefficient of 3.5x10-6 cm2 s-1 (dynamic boundary condition at the interface 
from experimental data). The different curves and data are at different distances from the
gel-water interface.
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Figure 4.22: Oxygen concentration profile versus vertical distance from the gel-oxygen 
saturated water intersurface for cross-linked gelatine(l %w/v glutaraldehyde) after 60 
and 100 minutes of exposure to the oxygen saturated water: experimental data (points) 
and numerical predictions (lines) using an oxygen diffusion coefficient of 3.5x10-6 cm2 s-1 
(dynamic boundary condition at the interface from experimental data)
The experimental, image analysis and numerical modelling procedure of the 
detenuination of the diffusion coefficient and mass transfer of oxygen in the gelatine 
gel from water was repeated for the two types of cross-linked gelatine samples, which 
were cross-linked in 1 and 1.5 % w/v glutaraldehyde solutions, respectively, for 2 h.
Figures 4.22 and 4.22 show the experimental data and the numerical predictions 
(dynamic boundary condition at the interface from the experimental data) for the 
gelatine gel eross-linked using 1 % w/v glutaraldehyde for 2 hours. The best fit was 
achieved using a diffusion coefficient of 3.5x10’^  cm^ s '\  Figures 4.23 and 4.24 show 
the predictions for mass transfer at the interface and a constant concentration boundary 
condition in the water at saturation level. The predictions are with an oxygen diffusion 
coefficient of 3.5x10'^ cm^ s'^  and a mass transfer coefficient of 5.5x10'^ m s '\  Figure 
4.22 shows a maximum in the oxygen concentration experimental data at about 20 min, 
for example at 1.746 mm from the gel-water interface, which is clearly not followed by 
the predictions; the experimental oxygen concentration comes down again thereafter, 
indicating some hidden local oxygen transport mechanism including fast flow paths 
from water ingression at the interface, while after a while there maybe also side-wise 
oxygen transfer from these “microcracks” to the gel walls, so this peak oxygen
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concentration is gently decreased after 20 min. The effect is more pronounced than in 
the uncross-linked gelatine. Figure 4.23 provides further evidence of irregular oxygen 
transport (experimental data) in the cross-linked gelatine gel.
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Figure 4.23: Oxygen concentration profile versus time for cross-linked gelatine (l%w/v 
glutaraldehyde): experimental data and numerical predictions using an oxygen diffusion 
coefficient of 3.5x10-6 cm2 s-1 and a mass transfer coefficient of 5.5x10-9 m s-1. The 
different curves and data are at different distances from the gel-water interface, at which 
the boundary condition is saturated oxygen concentration in water.
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Figure 4.24: Oxygen concentration profile for cross-linked gelatine (1 wt% 
glutaraldehyde) as a function of distance from gel -saturated water intersurface after 60 
and 100 minutes of exposure to the oxygen saturated water: experimental data (points) 
and numerical predictions (lines) using an oxygen diffusion coefficient of 3.5x10-6 cm2 s-1 
and a mass transfer coefficient of 5.5x10-9 m s-1. The boundary condition at the water- 
gel interface is saturated oxygen concentration in water.
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Increasing the glutaraldehyde concentration of the cross-linking solution from 1 wt% to
1.5 wt% doubles the rate of oxygen diffusion across the cross-linked gelatine hydrogel. 
Figures 4.25 and 4.26 show the results fitted using the dynamic boundary condition at 
the interface from the experimental data. The best fit of predictions and experimental
data was achieved using an oxygen diffusion coefficient of 7><10'^  cm^ s '\2  „ - l
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Figure 4.25: Oxygen concentration profile versus time for cross-linked gelatine (with 1.5 
% w/v glutaraldehyde): experimental data and numerical predictions using an oxygen 
diffusion coefficient of 7x10-6 cm2 s-l(dynamic boundary condition at the interface from 
experimental data). The different curves and data are at different distances from the gel-
water interface.
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Figure 4.26: Oxygen concentration profile versus vertical distance from the gel-oxygen 
saturated water intersurface for cross-linked gelatine (1.5 %w/v glutaraldehyde) after 
100, 160, 210 minutes of exposure to the oxygen saturated water: experimental data 
(points) and numerical predictions (lines) using an oxygen diffusion coefficient of 7x10-6 
cm2 s-1 (dynamic boundary condition at the interface from experimental data)
Using the fixed boundary condition of saturated water at the gel-water interface for the 
numerical modelling of the oxygen transport in the gelatine gel cross-linked with 1.5 
%w/v glutaraldehyde, fitting of predictions with the experimental data was achieved 
using an oxygen diffusion coefficient of 7x10'^ cm^ s'^  and a mass transfer coefficient 
of 2.08x10'^ m s'^  (Figures 4.27, and 4.28).
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Figure 4.27: Oxygen concentration profile versus time for cross-linked gelatine (1.5 %w/v 
glutaraldehyde): experimental data and numerical predictions using an oxygen diffusion 
coefficient of 7x10-6 cm2 s-1 and a mass transfer coefficient of 2.08x10-9 m s-1. The 
different curves and data are at different distances from the gel-water interface, at which 
the boundary condition is saturated oxygen concentration in water.
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Figure 4.28: Oxygen concentration profile for cross-linked gelatine (1.5 %w/v 
glutaraldehyde) as a function of distance from gel -saturated water intersurface after 
100, 160 and 210 minutes of exposure to the oxygen saturated water: experimental data 
(points) and numerical predictions (lines) using an oxygen diffusion coefficient of 7x10-6 
cm2 s-1 and a mass transfer coefficient of 2.08x10-9 m s-1. The boundary condition at 
the water-gel interface is saturated oxygen concentration in water.
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The results suggest that an increase in the level of cross-linking increases the diffusion 
coefficient across the gel, which is rather unexpected. The oxygen concentration of the 
gel decreases as the degree of cross-linking is increased, attributed to the decrease in the 
mass transfer coefficient of oxygen from the water to the gel. As a result, this study 
demonstrated that the oxygen transport from water to the cross-linked gelatine is 
controlled by the mass transfer at the water-gel interface.
Typical literature values for oxygen diffusion in gelatine are recorded to be of the order 
of 10'  ^cm^/sec (Simon-Lukasik, Ludescher 2004, Lukasik, Ludescher 2006), which are 
much lower than the values determined in this study. The reason for this is that those 
studies were about gelatine films which were dry or plasticised with water (at relative 
environmental humidity of 58%, 84% and 98% ERH) but still are not full gels at all, 
whereas the gelatine gels in this study contained 98 wt% water in their preparation and 
further swell by 130-150 % in the presence of water (Figure 4.4).
The diffusion coefficient of oxygen in Agar gels reported by Meeren et al (Meeren, 
Vleeschauwer & Debergh 2001) has a closer value to the diffusion coefficients of 
gelatine in this study, in the order of 10'  ^cm^ s '\  In a recently published paper, Cheema 
et al. measured the diffusion coefficient of O2 in 11% density collagen scaffolds as: 
4.5x10'^ cm^s'  ^ and in 11% density photochemically cross-linked collagen scaffolds as 
3.4x10'^ cm^s'^; they remarked that both these values fall within the range of oxygen 
diffusion in the native intestinal submucosa (Cheema et al. 2012).
4.5.4 SEM micrographs of gelatine
SEM was performed on freeze dried gelatine samples to investigate the reasons for 
inhomogeneous diffusion of oxygen through the gels in this study and explain the 
unexpected fast rise in oxygen concentration away from the interface.
Figures 4.29-4.31 show the typical structure of gelatine cross sections of freeze dried 
un-cross-linked gelatine. The images show a matrix with tubular structure with an 
average tubule diameter of 3 pm. These tubes run perpendicular to the gelatine surface 
in a uniform manner. This can explain the relatively uniform oxygen profile detected 
across the un-cross-linked gelatine where the mathematical model agreeably fits the 
experimental data. It also explains the relatively good standard deviation of ±4.5% of
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the data for uncross-linked gelatine, calculated as the overall standard deviation 
expressing the total of intra-variability within a sample and inter-variability between 
different samples and experiments.
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Figure 4.29: SEM image of un-cross-linked gelatine sample; magnification X80.
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Figure 4.30: SEM image of un-cross-linked gelatine; magnification X 600
95
k$
:0pm
Figure 4.31: SEM image of the detailed structure of the un-cross-linked gelatine gel;
magnification X 3000
The structure of the cross-linked gelatine however tells a different story. Glutaraldehyde 
works by joining two molecules in a covalent bond. This could cause the gelatine to be 
deformed from its original orientation forming the new structure. This changes the 
perpendicular structure observed in the SEM images of Figures 4.29 to 4.31 to a more 
randomly oriented structure, with the molecular chains coming closer together 
theoretically leading to a slower diffusion. However, this shrinkage of the gelatine has 
another effect within the structure. As the gelatine becomes cross-linked and shrinks, its 
layers can tear apart forming large gaps in the structure: the maximum gap size in 
gelatine cross-linked with l%w/v glutaraldehyde was 0.141 mm and in gelatine cross- 
linked with 1.5 %w/v glutaraldehyde the gaps reach 0.487 mm in diameter. Some of 
these tears can be seen in Figures 4.32-4.35.
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Figure 4.32: Magnification of X 50, SEM image of the gelatine gel cross-linked with 1 
%w/v glutaraldehyde solution. The arrows point to tears in the gel.
These images seem to indicate a difference in the morphology of each sample 
depending on the position. The denser surface of cross-linked samples causes a 
reduction in the rate of oxygen transfer, explaining the reduction in the mass transfer 
coefficient. Once the oxygen molecules pass through the surface, they then travel 
through some of the tears or gaps in the structure causing fast surge of oxygen through 
the wide micro-pores, and subsequently the molecules cross to their denser surrounding 
gel, so the diffusion rate slows down again. This matter in reality indicates changing 
diffusion coefficient across the heterogeneous structure of the gels. The direct 
relationship between physical cross-links in the matrix and molecular mobility of a 
species has been reported in the literature and was also explained by the heterogeneity 
of the structure (Lukasik, Ludescher 2006). For the sake of simplicity, however, fitting 
of the experimental data with an average diffusion coefficient has been used in this 
study to model the entire structure.
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Figure 4.33: Magnification of X 150: SEM image of the gelatine gel cross-linked with 
l%w/v glutaraldehyde solution. The arrows point to tears in the gel.
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Figure 4.34: Magnifications of X 40: SEM image of the gelatine gel cross-linked with 1.5 
%w/v glutaraldehyde solution. The arrows point to tears in the gel.
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Figure 4.35: Magnifications of X 80: SEM image of the gelatine gel cross-linked with 1.5 
%w/v glutaraldehyde solution. The arrows point to tears in the gel.
4.6 Concluding remarks
The novel technique of doping the gelatine gel with the fluorophore ruthenium 
dichloride complex proved to be a sensitive method of investigating oxygen profiles at 
low cost and un-invasively, and has the potential of being used in other transparent 
gels.
The developed numerieal model, simulating speeies diffusion through the gels, showed 
good agreement with the established relation (4.6) for determining the diffusion 
coefficient of ox ygen in water, and it proved a useful tool to determine the diffusion 
coeffieient and mass transfer coeffieient of oxygen through gels in eonjunction with the 
experimental data from the luminescenee quenehing tests.
Table 4.2 summarises the results of the properties of oxygen transport in water and 
gelatine gels (uneross-linked and cross-linked gelatine). The numerical technique was 
validated by monitoring dynamieally unsteady-state oxygen transport in water and 
determining the diffusion coefficient of oxygen in water as 2x10'^ cm^s’'. The diffusion 
coefficient of oxygen in uncross-linked gelatine was determined as 0.75x10’^  cm“s '\  
and mass transfer eoeffieient from water into uncross-linked gelatine was detennined as 
2.9x10'^ cm s '\  Hence, oxygen diffused much slower in the uncross-linked gelatine
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than in the water. SEM of freeze-dried gels revealed the densely packed, homogeneous, 
tubular structure of the uncross-linked gelatine gel with the parallel tubular spaces of 
about 3 pm diameter perpendicular to the gel surface. Cross-linking of gelatine was 
carried out using 1 and 1.5% w/v glutaraldehyde, respectively, for 2 h in both cases. A 
homogeneously cross-linked structure was created at the gelatine surface, lowering the 
equivalent mass transfer coefficient of oxygen to 5.5x10'^ cm s'  ^ and 2x10'^ cm s'^  when 
cross-linked with 1 and 1.5% glutaraldehyde respectively. While cross-linking and 
increased concentration of cross-linking agent lowered the mass transfer coefficient 
across the gel surface, both factors increased the diffusion coefficient of oxygen in the 
cross-linked gel to 3.5x10'^ cm^s'  ^ and 7x10'^ cm^s'^ for 1 and 1.5%w/v glutaraldehyde 
respectively. Cross-linking induced shrinkage and internal stresses which created large 
free spaces in the gelatine structure that caused multiscale diffusion and accelerated the 
overall diffusion process. Clearly this would be beneficial for cross-linked gelatine gels 
to be used as scaffolds in tissue engineering, although their highly cross-linked gel 
surface is a limiting factor to mass transfer.
Table 4.2: Summery of the oxygen transport properties of gelatine gels
Water Un-cross-
linked
gelatine
Gelatine cross- 
linked in 1% 
w/v 
glutaraldehyde
Gelatine cross- 
linked in 1.5% 
w/v 
glutaraldehyde
Oxygen diffusion 
coefficient (cm^/sec) 2.00E-05 7.50E-07 3.50E-06 7.00E-06
Oxygen mass
transfer coefficient
in gel at the gel-water 
interface (m/sec)
NA 2.89E-07 5.50E-09 2.08E-09
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Chapter 5: Fabrication 
and characterisation of 
electrospun gelatine 
scaffolds
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5.1 Introduction
The physical and mechanical properties for tissue engineered scaffolds are of 
paramount importance to the functionality of the scaffold during the tissue engineering 
in-vitro, and subsequently the behaviour and performance of the resulting vascular graft 
in-vivo after implantation in the human body. This chapter includes the process of 
electrospinning gelatine scaffolds under different compositions of the starting solution, 
and different process conditions. This is followed by the physical and mechanical 
characterisation of scaffolds. Electrospinning is a versatile tool that can develop 
scaffolds with a wide range of architecture, physical, and mechanical properties. The 
electrospinning parameters that affect these properties are examined and recorded. The 
scaffolds are characterised in terms of:
(i) Fibre diameter
(ii) Fibre alignment
(iii) Scaffold morphology
(iv) Scaffold porosity
(iv) Scaffold permeability
(vi) Pore diameter
(vii) Mechanical properties and suture retention strength of scaffolds
The ability to specifically tailor the scaffold’s physical and mechanical properties is a 
terrific advantage of electrospinning. The experimental data from the characterisation of 
selected scaffolds of this chapter will be used in the computer simulations of Chapter 7 
to (a) validate the computational model, against the data of cell growth from the 
biological characterisation of the tissue engineered grafts. In Chapter 6 the data of this 
chapter are used as input parameters in the computer code for the structure of the 
corresponding scaffolds; (b) are used as the structure input data in the computational 
code, to assess the suitability of these scaffolds for the cell adherence and proliferation 
and the sufficient supply of oxygen. A scaffold whose properties are best suited for 
cellular proliferation might not be stiff enough to withstand the pressures in a typical in-
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vivo condition and vice-versa. The mechanical characterisation of scaffolds with 
different physical characteristics can paint a picture of how the scaffold will perform in 
conditions mimicking those after implantation in the human body.
5.2 Methods and materials
5.2.1 Materials for electrospinning
The starting solutions for electrospinning consisted of gelatine dissolved in a solvent. Porcine 
gelatine type A from Sigma Aldrich was used in this study. Solutions of 7-15 %w/v in 2,2,2- 
Triftuoroethanol (TFE) were prepared for electrospinning, where TEE was selected as 
the gelatine solvent in electrospinning after a literature search and some preliminary 
experiments as outlined below.
Typical solvents that are used to electrospin gelatine include acetic acid and ethyl 
acetate (Sisson et al. 2009), 2,2,2-Trifluoroethanol (TFE) (Zhang et al. 2005), 
Triftuoroacetic acid (TEA) (Nguyen, Lee 2010) or even water (Nagura et al. 2002). 
While using a gelatine solution in water for electrospinning sounds as the ideal solution, 
as it has no the toxic side effects of other solvents (especially ftuorinated alcohols such 
as TFE), there are a variety of problems that can be encountered with such a system. 
Preliminary trials were carried out with 10% w/v gelatine solutions in water. It was 
found that it was necessary to heat the running electrospinning system to a temperature 
over 40°C as the gelatine solution would gel at room temperature and could not flow 
out the nozzle during electrospinning. Hence, a heated solution holder (heated syringe) 
and a heated nozzle would have been needed for the electrospinning of gelatine 
solutions in water. Research and preliminary tests have shown that even under non 
gelation conditions there is an inability to produce continuous ultra-fine fibres of 
gelatine solutions in water, which has been attributed to the gelatine’s polyelectrolyte 
properties (Huang et al. 2004).
To overcome this problem, while still avoiding the highly toxic solvents, some attempts 
have been made in the field of co-solvent electrospinning. These include the use of 
ethyl acetate and acetic acid coupled with water to dissolve the gelatine (Song, Kim & 
Kim 2008), (Sisson et al. 2009). This system, while showing great potential for a 
nontoxic electrospinning solution, does have a number of limitations for the current
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purpose, including nanoscale fibre diameters whereas micro-scale fibres are required in 
this study for better cellular adhesion, as well as the reported production of beaded 
fibres. Beaded fibres production could be possibly prevented by using a higher 
concentration of ethyl acetate, but this would limit the available parameters.
This leaves fluorinated alcohols, such as TFA and TFE, as suitable solvents for 
electrospinning. When comparing the two solvents, at first glance they both seemed 
very similar. TFE and TFA have densities of 1.393 g/cm^ and 1.489 g/cm^ respectively, 
and molecular mass of 100.04 g/mol and 114.02 g/mol respectively (Ramakrishna
2005). Molecular mass determines the viscosity and surface tension of the solvent (and, 
hence of the solution): a larger molecular mass yields a higher viscosity but a lower 
surface tension, meaning that during fibre formation in electrospinning the solvent will 
spread across the volume of the polymer rather than congregate under the action of the 
surface tension. The same principle holds for higher solution concentrations, where the 
higher concentrations mean a higher viscosity and larger diameter fibres. Low 
concentrations have shown to result in bead formation and sometimes result in 
electrospraying (droplet formation) rather than electrospinning (fibre formation).
While jfrom the previous properties of viscosity and surface tension, it is obvious that 
TFA would make a better solvent, the dielectric constant (which determines the 
magnitude of the electrostatic force during electrospinning) has tipped the balance in 
favour of TFE: the dielectric constant of the solvents is 27 for TFE and 7.58 for the 
TFA (Ramakrishna 2005). A higher dielectric constant results in less bead formation, as 
well as larger jet instability i.e. increased deposition area (Son et al. 2004).
Hence, 2, 2, 2-Trifluoroethanol was selected as the solvent of the gelatine solutions to 
be used for electrospinning; the first parameter under investigation was the 
concentration of the gelatine solution, which was varied in the range of 7-15 %w/v.
5.2.2 Electrospinning of gelatine scaffolds
The electrospinning rig (Figure 5.1) was built in-house in order to optimise the setup for 
the required application. The electrospinning apparatus was assembled from 
economically available components. A syringe pump was used to control the feed rate 
of the gelatine solution, using a standard 5 ml plastic syringe, connected with PTFE
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tubing to another 5 ml syringe, which had an 18 gauge blunted stainless steel needle 
that delivers the gelatine solution. The syringe was held at a 45° angle in a customised 
stand which can be altered to vary the distance of the delivery system from the 
collector. The collector was a hollow cylindrical aluminium mandrel connected to a 
stepper motor which controlled its speed. Finally situated below the collector was a 
stainless steel knife edged square plate, which was in line with the needle; the knife 
edge was connected to a negatively charged high voltage power supply.
Syringe
Blunt tip needle
Rotating
collector
Injection speed 
controller
5 m /hr
10 RPM
0  22 KV
Grounded plate
Motor speed 
controller
Power
supply
Figure 5.1: Schematic o f the electrospinning apparatus
Parametric studies of the electrospinning were carried out in which the following 
process parameters were changed: the applied voltage, the working distance between 
nozzle feed and collector, the type of collector to use, and the feed rate of the solution. 
These parameters were investigated in terms of the produced fibre meshes. Fibre 
alignment and diameter, scaffold porosity and permeability, which were linked to the 
scaffold properties in order to determine the optimum parameters.
One parameter under investigation, which was related to the design of the 
electrospinning rig, was the type of fibre collection mechanism. While more than one 
setup was investigated briefly, the one finally used to develop all the working scaffolds 
was a rotating collector setup as presented in Figure 5.1. Using a rotating collector 
instead of a flat surface collector means easier alignment of the fibres, while also 
having a continuous electrospinning process to build a scaffold of the required 
thickness. Aligned fibres are required to direct cell growth parallel to the fibres (Li et al.
2006) producing a circumferentially oriented graft. Figure 5.2 shows micrographs of
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two scaffolds electrospun on a flat plate and on a rotating collector. It can be seen that a 
mesh of random fibre orientation was produced on the flat plate collector as expected, 
whereas there is an orientation trend for the fibres on the rotating collector.
T/CU- f
lOOpm 100pm
Figure 5.2: Electrospun 10% w/v gelatine/TFE fibres on a fiat plate (left) and on a
rotating collector (right)
Cells cultured on fibrous scaffolds tend to grow and proliferate in the direction of the 
aligned fibres (Teo et al. 2005). The circumferential orientation of the tunica media of 
the standard blood vessel is the biological incentive that led to the interest of developing 
circumferentially aligned fibres. Another characteristic that is essential in the scaffolds 
is their mechanical strength. Fibres arranged at an angle to the longitudinal axis have 
shown increased mechanical strength in hollow products under internal hydrostatic 
pressure, such as in angle-ply laminate composite structures used for pressure vessels 
(Teo et al. 2005).
In the hope of producing a scaffold with both a circumferential and diagonally aligned 
fibres various attempts have been made with the aim to control the chaotic path of the 
electrospun fibres by a process of changing the collection mechanism, Teo et al. 
developed a system using a dual voltage setup. Positively charged electrospun fibres 
were directed towards a negatively charged knife edged plate (a counter electrode) held 
at 45 degrees to the revolving mandrel (Teo et al. 2005). This method was adapted and 
customized in this work to be able to fabricate scaffolds that have diagonally aligned 
fibres, producing scaffolds that can withstand pressures in both axial and
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circumferential directions as well as maintaining the cell circumferential orientation 
mimicking natural arteries.
In order to characterise the fabrication procedures, one of the setup’s input parameters 
was varied in turn, while the rest of the parameters were fixed. The control setup was as 
follows: feed of 10% w/v gelatine solution in TFE at a constant flow rate of 2.5 ml/hr, a 
rotating mandrel revolving at a speed of 95 RPM, collecting the electrospun fibres 25 
cm from an 18 inch gauge needle, held 45° from the vertical axis, with +22.5 kV dc 
applied voltage. Another knife edged electrode with a negative voltage of 3 kV situated 
5 cm below the mandrel; in direct alignment with the 18 inch gauge needle directed the 
deposition of the electrospun fibres (Figure 5.1).
5.2.3 Cross-linking of the electrospun fibre scaffolds
The produced scaffolds were cut from the collector and dried overnight in a vacuum 
desiccator. The scaffolds were then vapour cross-linked by placing them in another 
vacuum desiccator, supported by an aluminium foil. Below the grid, a Petri dish was 
placed containing the required volume of glutaraldehyde solution. Unless otherwise 
stated, the standard cross-linking process was using the vapour of 10 %w/v 
glutaraldehyde for two hours. Further treatment of the scaffold before cell seeding is 
discussed in Chapter 6.
5.3 Physical Characterisation
5.3.1 Measurement of fibre diameter
The fibre diameter of the scaffolds was measured by taking high magnification images 
of the scaffolds using a scanning electron microscope, model Hitachi S-3200N. The 
produced micrographs were analysed using the image analysis software JMicrovision. 
Horizontal lines perpendicular to the fibres were drawn across the top left and the 
bottom right comers of 5 images, selected at random from across each scaffold. The 
lines that perpendicularly crossed a fibre diameter (Figure 5.3) were then measured 
using a linear measurement tool in the software, after calibration of pixels with length 
using the scale bar produced in the images. Ten fibres were measured in each 
micrograph giving an n = 50 fibres measured.
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Figure 5.3: Demonstration of the method of the measurement of fibre diameter
5.3.2 Measurement of the porosity of scaffolds
The importance of correctly characterising the morphological properties of the scaffold 
is paramount. For porosity characterisation results can differ drastically depending on 
the techniques used. Proper techniques to characterise scaffold’s porosity would involve 
the use of technologies that map the three dimensional morphology of the scaffolds, 
such as CT scans. The expensive nature of the equipment as well as time consuming 
element of the analysis required a choice of a less expensive technique. These might 
include the use of liquid porosimetry; this technique has its limitations as its time 
consuming and the nature of the technique could damage the mechanically weak 
scaffolds. Another method sometimes adapted in literature is the use of image analysis 
software to analyse SEM micrographs of the scaffolds. The limitation of this technique 
lies in the need for human judgement in order to ascertain what a pore is. Figure 5.4 
demonstrates the difficulty. The red highlighted areas in the images are the author’s 
various interpretations of what a pore is in the same SEM micrograph, demonstrating
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the difficulty of an unbiased selection. A major difficulty for these scaffolds was that 
they were multi-layered, and the pore structures of the open meshes of each layer were 
superimposed. On the other hand it was not accurate to use a grey tone threshold, as the 
focus varied with depth and fibre undulation, hence, the grey image threshold varied 
from pore to pore.
mm
Figure 5.4: Various interpretations of pore structure in the same area of the SEM 
micrograph of an electrospun scaffold
Thus, porosity was determined using a gravimetric approach. The scaffold thickness, H, 
was measured using light microscopy and image analysis software. The scaffolds were 
sandwiched between two glass cover slips and mounted vertically under the 
microscope. Five random locations were chosen and the thickness was averaged. The 
area. A, of the scaffold was calculated by using the known dimensions of the cut 
scaffolds. The scaffolds were then weighed and their mass, m, was recorded. Using 
these measurements the apparent scaffold density, papp, was calculated using the 
following equation
P a p p
m
HxA
(5.1)
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Using the bulk density, p, of gelatine the scaffold porosity s, is calculated using the 
following relation:
£ =  (5.2)
5.3.3 Measurement of the pore size of scaffolds
For the same reasons as described earlier about the porosity, evaluating the pore sizes 
cannot be achieved accurately using image analysis of SEM micrographs of scaffolds. 
Accurate methods such as mercury porosimetry are complex and difficult to manage 
with fragile samples as is in this case. In order to overcome these, a calculated estimate 
for the pore radius, rp, was established using the relation cited in literature for random 
fibre meshes (Sampson 2003).
= (5.3)
Where rp is the pore radius, 8 is the scaffold porosity, and d is the average fibre 
diameter. To validate the values of the pore sizes, some scaffolds were analysed using 
the image analysis tool, where care was taken when selecting the pores that were 
analysed in order to select the pores that were on the same depth level. The image’s
colour intensity threshold was used to select the fi*ee areas between the fibres at
approximately three fibre depths from the surface. All the selected pores were then 
analysed by treating the pores as circles and the average length of the circle was treated 
as the average pore diameter.
5.3.4 Measurement of the fibre orientation
To determine the effect of the different setups and parameters on the fibre orientation, 
clear microscope glass slide cover slips were attached to the mandrel and various setups 
were used to electrospin fibres for a period of 60 seconds. The glass cover slips covered 
with electrospun fibre meshes, were then investigated under an optical microscope.
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5.3.5 Measurement of the swelling and dissolution extent of cross- 
linked fibre scaffolds
A number of techniques can be used to examine the optimum cross-linking conditions 
for gelatine. Swelling kinetics experiments were used to understand the behaviour of 
dry gelatine (with different degrees of cross-linking) when subjected to a liquid 
environment. The swelling ratio S correlates the ratio between the masses of the 
swollen gelatine (mg) in relation to its dry weight (mj). It is an indicator of how much 
water can a gelatine body absorb and it has a direct correlation with the extent of cross- 
linking of that body (Hakata et al. 1994).
3  =  '"swollen (5 ,4 )
mi
To investigate the optimum cross-linking concentration and time, simple dissolvability 
testing was conducted for the scaffolds where the scaffolds were immersed in deionised 
water kept at 37°C and left for a period of one week. The fibre diameter was also 
measured using the previous technique to determine the effect of the cross-linking on 
the scaffold morphology.
The measured morphologies in the tests of sections 5.2.3.1-5.2.3.4 were all for dry 
cross-linked samples. In order to be able to relate these values with the real working 
values in a typical tissue engineering environment, the values need to be converted to 
when the scaffolds are wetted. The scaffolds were immersed in deionised water at 37°C 
for a period of two hours, and they were weighed before and after immersion (after they 
were pad-dried).
5.3.6 Measurement of the permeability of scaffolds
The following steps were followed to determine the permeability of the scaffolds. 30 
cm circular disks were cut from the electrospun (and cross-linked) scaffolds, which 
were then immersed in 37°C deionised water for 2 hours in order to ftxlly swell the 
scaffolds, imitating the same conditions as those of cell culture. The scaffolds were then 
clamped on a grid used to hold the scaffold in place. Both the grid and the scaffold were 
secured below a burette. Com oil was chosen as a viscous Newtonian fluid to measure 
the permeability of the scaffold using Darcy’s law:
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U =  (5.5)
e n  Ax
Where
Ap = pgh  (5.6)
U is the mean velocity of flow through the porous scaffold (m/s), k is the permeability 
of the scaffold (m^), p is the viscosity of the medium (Pa.s), p is the density of the oil 
(kg/m^), g is the acceleration due to gravity, and h is the height of the fluid in the 
burette (m). The value of density for the com oil was measured to be 950.62 kg/m^, and 
the viscosity was measured in a Brookfield viscometer as p = 65 mPa.s. The oil was 
allowed to flow from the burette through the scaffold. The time taken for a known 
volume of oil to travel through the scaffold was measured, allowing for the 
determination of the flow rate. The velocity was calculated from the flow rate, Q, 
divided by the area of the scaffold perpendicular to flow (the scaffold disc area). The 
value of the porosity of the wet scaffold was used, and the permeability was estimated 
(Figure 5.5), this procedure was used to measure the in-plane permeability of non­
woven polypropylene (Wilson, Bonassar & Kohles 2002) from the gradient of the line 
of the speed of fluid, U, versus the height in the burette as described in equation (5.7), 
where H is the thickness of scaffold:
U = ——  (5.7)
Efl H
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Figure 5.5: Diagram of the setup for the measurement of the scaffold permeability
5.4 Mechanical characterisation of scaffolds
5.4.1 Tensile testing
The mechanical properties of the electro spun scaffolds were measured using a uniaxial 
tensile testing machine (Instron 6025) with a ION load cell. 50 xlO mm^ rectangular 
shaped samples were cut from the scaffolds and clamped to the tensile tester using 
crocodile clips (Figure 5.6 D). The sample thickness was individually determined using 
a Micrometer. The samples were then placed in the tensile testing rig and a pipette filled 
with 37°C deionised water is allowed to drip continuously and slowly at the comer of 
the fixed scaffold above the gripper to maintain a wet sample throughout the 
experiment. The specimen was loaded until failure at a speed of 5 mm/min. The stress 
was calculated from the value of load over the wet specimen cross-section normal to the 
load (fi*om the dry cross-section, multiplied by the swelling ratio). The stress-strain 
curves were used to calculate the scaffold’s Young’s modulus, ultimate tensile strength, 
and ultimate strain, where all these values were the average from a minimum of three 
readings. The Young’s modulus was calculated from the linear region of the stress 
strain curve, with the initial hump due to the “specimen settling” ignored.
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Two types of specimens were made from the cylindrical scaffolds, after they were 
cross-linked. The first sets of samples were taken from the original axial and 
circumferential directions of the mandrel (rotating collector in electrospinning) (Figure 
5.4 C) in order to access the diagonality of the fibres. The second set of samples was 
taken along the parallel and perpendicular direction of the fibres in the cross-linked, 
electrospun scaffold, whose orientation was determined using an optical microscope 
(Figure 5.6 B).
lOOym
circum ferential
Figure 5.6: Top left (A) gelatine cylindrical scaffolds, Top right (B) SEM micrograph of 
gelatine fibre scaffold cut after electrospinning, with the black arrows showing the tensile 
testing directions in the parallel and perpendicular fibre directions, bottom left (C) tensile 
testing in the axial and circumferential directions of the cylindrical collector in 
electrospinning (electrospun tubular scaffolds). Bottom right (D) scaffold membrane
clamped in tensile testing equipment.
5.4.2 Measurement of the suture retention
The Instron 6025 tensile tester was used to examine the suture retention of the gelatine 
scaffolds. One end of the eleetrospun tubular construets was elamped to the stage
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clamp. Polypropylene suture (5-0, USA) was knotted at four quadrants of the other end 
of the eylindrical (3 mm from the edge of the scaffold), as is displayed in Figure 5.7. 
The sutures are then pulled at a speed of 5 mm/min until all the sutures broke from the 
wet scaffolds. Each experiment was repeated at least three times and the fracture 
strength was recorded and averaged and used as the suture retention strength.
>  Tensile gripper
>  Suture
>  Four locations o f single knot sutures
>  Cylindrical Scaffold
>  Tensile gripper
Figure 5.7: Diagram of the measurement of suture retention
5.5 Results and Discussion
5.5.1 Results of fibre diameter of dry scaffolds
The SEM micrographs of the scaffolds were analysed using the software analysis tool 
JMicrovision. A typical SEM image was like those seen in Figure 5.8, showing the 
SEM micrographs of eleetrospun fibre meshes collected with the standard setup with 
different flow rates of the feed solution, ranging from 1 ml/hr to 7.5 ml/hr, and all other 
parameters fixed.
Increasing the flow rate of the gelatine solution between 2.5 and 7.5 ml/hr while 
keeping the mandrel revolution speed at 95 RPM, the applied voltage at 22.5 KV and 
the concentration of gelatine/TFE solution at 10% w/v results in an increase of the dry 
fibre diameter from 1.5 pm to 2.5 pm, where the relationship between the flow rate and 
the fibre diameter seems to be linear as shown in Figure 5.9.
11 ^
This agrees with the common understanding in which the larger volume of solution 
being drawn from the needle per unit time results in the formation of larger diameter 
fibres or at least fibres with beaded structure (Ramakrishna 2005) and as reported in 
previous experimental studies using eleetrospinning (Pham, Sharma & Mikos 2006, 
Milleret et al. 2011, Soliman et al. 2011). The reason behind the small change (1pm 
maximum difference) in fibre diameter over the wide range of feed rates was due to the 
unstable Taylor cone. The instability is due to the fact that a constant current was used 
for all experiments, in order to maintain consistency, this current might not have been 
sufficient with some high feed rates.
1 m l/hr 2 .5  m l/hr
&
A#
m
5 m l/hr 7 .5  m l/hr
Figure 5.8: Eleetrospun gelatine/TFE fibres at different feed rates; all micrographs were 
captured with a scanning electron microscope with an accelerating voltage of 15 kV and a
magnification of xlOOO
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Figure 5.9: Relationship between the fibre diameter (dry) and the flow rate of the feed
solution in eleetrospinning
The effect of the applied voltage was much more drastic as shown in Figure 5.10 where 
using a constant flow rate of 2.5 ml/hr, with an increased applied voltage, from 15 to 30 
kV, resulted in an increase of the average fibre diameter, from 2 to 8 pm, in what also 
seems to be a linear relationship.
This trend seems to be in direct contrast to the accepted norm of an inverse relationship 
between the applied voltage and the resultant fibre diameter (Ramakrishna 2005), where 
a larger voltage will result in greater stretching of the solution thus reducing its 
diameter at collection. The inverse relationship is observed in the eleetrospinning data 
of various works (Milleret et al. 2011, Soliman et al. 2011, Buchko, Kozloff & Martin 
2001). On the other hand, other works have concluded the opposite effect, where an 
increase of applied voltage has resulted in an increase in fibre diameter (Skotak et al. 
2010). One work commented on the observed phenomena by stating that the 
relationship between fibre diameter and applied voltage is ambiguous (Pham, Sharma & 
Mikos 2006).
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applied voltage (kV)
Figure 5.10: Relationship between fibre diameter (dry) of eleetrospun scaffold and applied
voltage
Tong et al (2010) examined the polarity effect of the applied voltage. PHBV fibres 
showed an increase in fibre diameter with an increase in the positively charged applied 
voltage, and a decrease in diameter with an increase of the negatively charged bias 
voltage (Tong, Wang 2010). The author’s argument is that the existence of negatively 
charged molecules in the eleetrospinning solution will partly neutralise the positive 
charge but superimpose on the negatively charged jet, in the latter ease causing higher 
stresses on the solution drawing it further and decreasing its diameter, and this is the 
reason the authors argue why there is a contradiction between different works.
Another possible explanation to the observed relationship could be that the inverse 
relationship holds true for low flow rates when there is a limited volume of the solution 
to be drawn from the needle, and at a high enough feed rate (in this case 2.5ml/hr) the 
higher the voltage, the more stable the Taylor cone becomes, drawing more of the 
available solution.
Other parameters such as humidity and temperature were not considered to be the cause 
behind the contradictory results, due to the similar working conditions between the 
samples as well as the large difference between the fibre diameters which is not typical 
for these parameters under normal room temperature. One work investigated the effect
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of humidity on the fibre diameter, by wildly varying the humidity in the range of 20%- 
70%: this was responsible for a range of fibre diameters between 0.3 pm and 0.352pm 
(Hardick 2010) which was not significant when compared to the large variation seen in 
Figure 5.10.
10 15
Concentration (%w/v)
Figure 5.11: Relationship between the fibre diameter (dry) and the gelatine concentration
of the feed solution
Similarly, the fibre diameter increases in a linear fashion from 1 pm to 3.5 pm as a 
function of an increase in the gelatine concentration of the feed solution from 7.5 % to 
15%. The increase in fibre diameter as a function of increasing solution concentration 
is a typical response and is widely reported (Skotak et al. 2010, Sisson et al. 2009, 
Huang et al. 2004, Ramakrishna 2005, Milleret et al. 2011). Increasing the solution’s 
concentration has the effect of increasing the solution’s viscosity which means that 
there are more polymer entanglements in the solution offering higher resistance to being 
stretched by the applied voltage (Ramakrishna 2005). The presented concentrations 
show the limits of the spinnable range of the gelatine/TFE solutions: any lower gelatine 
concentrations resulted in bead formation and spraying, as there were not enough 
entanglements to sustain a continuous eleetrospinning jet; higher concentrations were 
observed to elog the needle.
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5.5.2 Results of the porosity of dry scaffolds
The porosity of the scaffolds was determined as a function of the changing process 
parameters. As expected, the porosity increased with an increase in the flow rate of the 
feed solution and the applied voltage (Figures 5.12, and 5.13 respectively), much like 
the fibre diameter. The reason for this is that, as the fibre diameter increases the gaps 
between the fibres increases, creating larger pores and higher porosity values. 
Increasing the flow rate from 2.5 to 7.5 mhhr increased the scaffold porosity from 70 to 
80 %; an increase in the applied voltage from 15 to 30 kV increased the porosity from
62.5 to 75%.
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Figure 5.12: Relationship between the flow rate of the feed solution and scaffold porosity
(dry)
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Figure 5.13: Relationship between the applied voltage and scaffold porosity (dry)
Figure 5.14 shows the relationship between the scaffold’s porosity and the average fibre 
diameter: it is evident that as the fibre diameter increases, there is an increase in the 
scaffold’s porosity, but the gradient of this relationship depends on the changing 
processing parameter. When the feed flow rate is varied in the range of 2.5-7.5 ml/hr at
22.5 kV, the porosity increases faster with increasing fibre diameter than when the 
voltage is increased from 15 to 30 kV at constant feed flow rate of 2.5 ml/hr. The graph 
below shows the capabilities of using eleetrospinning to produce the desired physical 
dimensions of the scaffold, especially the desired porosity.
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Figure 5.14: Relationship between the fibre diameter and scaffold porosity (dry) 
depending on the changing eleetrospinning process parameter
The results are explained by the effect of each parameter on the packing density of the 
deposited fibres. Keeping the applied voltage constant and increasing the solution’s 
flow rate (assuming a sufficiently high voltage that would maintain a stable Taylor cone 
for all for all processed flow rates) results in an increased volume deposition of the 
fibres resulting in an increase of the produced fibre diameter. The increased fibre 
diameter is deposited over the same area a lower feed rate would achieve using the 
same voltage. In contrast keeping the feed rate constant and increasing the applied 
voltage results in an increased bending instability of the jet, meaning a larger area of 
deposition i.e. an increase in the porosity of the produced mesh, these trends are also 
shared in various works (Milleret et al. 2011, Soliman et al. 2011, Rnjak-Kovacina et al. 
2011).
5.5.3 Results of the fibre alignment
Figure 5.15 shows the fibres collected on glass cover slips attached to the mandrel. The 
general observation that could be made is that with the increase in the revolution speed 
of the collector more fibres align in the circumferential direction in reference to the 
mandrel’s axis. When there is no rotation of the collector, all the fibres are aligned 
parallel to the axis (longitudinally) with some degree of alignment due to the electric
1 2 2
field imposed by the 45° knife-edge plates, which direct the fibres. A small angle 
(almost diagonal) of the approximately circumferentially aligned fibres is observed at 
higher rotation speeds of the collector.
0 RPM 28 RPM
64 RPM 95 RPM
Figure 5.15: The relationship between rotation speed of the collector and fibre alignment
The relatively low speeds (95 rpm, standard) used to align the fibres along the diagonal 
are in order to just catch the falling eleetrospun fibres rather than wind up the fibres 
under tension. Higher speeds are commonly used in other works where the speeds are 
higher than 800 RPM (Teo et al. 2005, Milleret et al. 2011).
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Figure 5.16 (A): Directionality of fibres in un-cross-linked scaffolds
60pm
Figure 5.16 (B): Directionality of fibres is maintained after Cross-linking (Standard
scaffold)
Figure 5.16 shows fibres spun using a feed rate of 2.5 ml/hr, applied voltage of 22.5kV, 
with a working distance between the feed and the mandrel of 25 cm and a rotation 
speed of the mandrel (collector) of 95 RPM. The Figures demonstrate how scaffolds 
with aligned fibres maintain their fibre alignment even after cross-linking.
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Investigations were carried out to change the distance between the collector and the 
feeding needle. The percentage of alignment of the fibres in the circumferential 
direction of the mandrel and the average fibre diameter are presented in Figure 5.17. 
Similarly to many reported results (Pham, Sharma & Mikos 2006, Milleret et al. 2011, 
Soliman et al. 2011, Zhu et al. 2008), the increase in the distance results in an increase 
in the alignment of the fibres across the circumferential axis while at the same time 
decreasing the average fibre diameter.
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Figure 5.17: The relationship between the working distance and (a) fibre diameter; (b) 
percentage of fibre alignment in the circumferential direction of the mandrel (right).
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5.5.4 Results of the pore diameter of dry scaffolds
The average pore radius of scaffolds was determined using relation (5.3), utilising the 
values of average fibre diameter and scaffold porosity, similarly to other work 
conducted on randomly aligned eleetrospun scaffolds (Eichhom, Sampson 2005, 
Sampson 2003). The results are compared with pore radii determined using image 
analysis of SEM micrographs, as described in section 5.3.2, where particular care was 
taken to select pores at the same level in the middle of the viewing range which was 
approximately 3 fibres depth. The pore size values obtained by the two different 
techniques were compared for one set of scaffolds fabricated by varying the 
concentration of the eleetrospinning solution (Figure 5.18). The graph shows a level of 
agreement between the two techniques, within the error range. Using relation (5.3) as a 
means of comparing pore radii of different scaffolds as a function of their average 
porosity and fibre diameter, the eleetrospinning parameters can be characterised in 
terms of pore radius.
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Figure 5.18: Validation of the analytical relation (3.3) method for the determination of 
average pore size in a comparison with the average pore size obtained from the image 
analysis of SEM micrographs of scaffolds (dry)
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Figure 5.19: Calculated pore radius versus concentration, with the pore radius (dry)
calculated using equation (5.3)
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Figures 5.20: Calculated pore radius versus flow rate, with the pore radius (dry)
calculated using equation (5.3)
As the fibre diameter increases, the gap between the deposited fibres increase in the z 
(transverse) direction of the scaffold, which contributes to the increase of pore radius 
from 4 to 10 pm, when the feed solutions concentration is increased from 7.5 to 15%
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(Figure 5.19) while also the pore radius increases from 4 to 18 pm when the feed flow 
rate is increased from 1 to 7.5 ml/hr (Figure 5.20).
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Figures 5.21: Calculated pore radius versus applied voltage, with the pore radius (dry)
calculated using equation (5.3).
The much more significant range of pore sizes with the change of the applied voltage, 
displayed in Figure 5.21, is explained by the higher porosities achieved with an increase 
in the parameter. An increase of the applied voltage induces higher bending instability 
in the jet and eleetrospinning over a larger area achieving pore sizes as large as 50 pm 
when the voltage used is 30 kV. The much larger range of pore sizes achievable with 
the applied voltage parameter makes it an exceptionally versatile method for tailoring 
scaffolds suitable for tissue engineering applications. Similar values of pore sizes were 
found for eleetrospun poly (E-caprolactone) (Pham, Sharma & Mikos 2006) and PLGA 
scaffolds (Zhu et al. 2008).
5.3.5 Results of swelling and dissolution experiments for different 
degrees of cross-linking
Both vapour and aqueous glutaraldehyde cross-linking experiments were conducted on 
the eleetrospun fibres. The initial observation was that the scaffold colour changed from 
whitish to a yellowish due to the aldimine linkage (CH=N) between the glutaraldehyde 
and the gelatine polymer chains (Akin, Hasirci 1995). There was evident shrinking in
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the fibres undergoing vapour treatment, while the aqueous cross-linking also shrank the 
sample although this was not initially evident as the dry fibres were swollen as they 
absorbed the solution. Thinner samples sometimes lost their integrity in the aqueous 
cross-linking solution making them difficult to handle after cross-linking.
The effect of cross-linking on the fibre diameter is shown in Figure 5.22. Vapour cross- 
linking seems to have swelled the average fibre diameter from 2 to 3 pm and the 
aqueous cross-linked fibres are averaging 5 pm in diameter. The second increase in 
diameter can be easily attributed to the swelling of the fibres from the solution. A 
possible explanation of the fibre increase in diameter could be attributed to the fusion of 
fibres together to create larger fibres as can be seen from other works (Sisson et al. 
2009) as well as SEM images from before and after cross-linking (Figure 5.23, and 
5.24).
□  uncrosslinked  fibre d iam eter
■  vapour crosslinked  fibre d iam eter
□  dipped crosslinked  fibre d iam eter
Figure 5.22: Relationship between fibre diameter and cross-linking method
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Figure 5.23: 10% gelatine fibres before (a) and after (b) cross-linking.
The thin electrospun scaffolds do not require the same concentration of glutaraldehyde 
as that used to cross-link the gels used for the oxygen diffusion experiments conducted 
in chapter 4, and due to the fact that aqueous submerging could destroy the structural 
integrity of the scaffold before cross-linking has started the electrospun scaffolds have 
to be subjected to vapour cross-linking as an alternative. It is crucial to replicate the 
same degree of cross-linking as that of the gels, to maintain the oxygen transport 
properties studied in chapter 4.
From the previous chapter Figures 4.2, and 4.3 were used to show that the gels cross- 
linked in solutions over 1-2% w/v did not greatly alter the level of cross-linking. Figure
4.5 showed that the difference in the level of cross-linking did not change drastically 
over 1% w/v, similarly Figure 4.4 showed that the gels treated with 1% w/v 
glutaraldehyde solution did not significantly change after 2 hours. This threshold is 
again used to determine the optimum level of cross-linking for electrospun gelatine 
fibres.
Figure 5.24 shows the average fibre diameter of scaffolds vapour cross-linked for 
various times, with different concentrations of glutaraldehyde. The least observed 
swelling (under 5 pm final diameter) indicative of the highest level of cross-linking, was 
found for the following combinations of glutaraldehyde solutions and vapour treatment
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times: 5% w/v for 30 min, 10% w/v for 1 hour, 10% w/v for 2 hours, and 25% w/v for 1 
hour. The differences between the fibre diameters are less than the reported standard 
deviation, meaning that the difference can be considered insignificant. The swelling 
ration of the whole scaffold was also tested after the vapour cross-linking treatment. 
Figure 5.25 shows that the scaffolds treated with 5% w/v for 1 hour, 10 % w/v for 1 and 
2 hours and 25% for 1 hour all have similar weight increase of around 200%, reduced 
the amount of water swelling is indicative of improved levels of cross-linking.
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Figure 5.24: Fibre diameter after soaking in 37"C deionised water for scaffolds cross- 
linked via different concentrations of glutaraldehyde solution for different times.
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Figure 5.25: Weight increase for scaffolds after soaking in 37”C deionised water. The 
scaffolds are cross-linked via different concentrations of glutaraldehyde solution for
different times.
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The long term water resistance of the gelatine scaffolds cross-linked using vapour 
glutaraldehyde is tested for a range of cross-linking solution concentrations and cross- 
linking times, ascertaining the optimum cross-linking levels without over-cross-linking, 
with the hope of limiting the cytotoxic effect of glutaraldehyde. Table 5.1 shows the 
percentage of solution used and the state of the scaffolds whether they remained intact 
in 37°C de-ionized water for various immersion times or not. As can be seen the 10% 
glutaraldehyde vapour deposition achieves sufficient water resistance for up to a week 
in culture simulated conditions. Similarly table 5.2 shows the water resistance of the 
scaffolds vapour cross-linked using 10% glutaraldehyde for various times.
Table 5.1: Survivability of scaffolds cross-linked using various concentrations of
glutaraldehyde
Glutaraldehyde
concentration
12
hours Day 1 Day 2 Day 3 Day 5 Day 7
0.5% No No No No No No
2% Yes No No No No No
5% Yes Yes Yes Yes No No
10% Yes Yes Yes Yes Yes Yes
25% Yes Yes Yes Yes Yes Yes
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Table 5.2; Survivability of scaffolds cross-linked with 10% glutaraldehyde for various
times
Cross-linking time
12
hours Day 1 Day 2 Day 3 Day 5 Day 7
15 min No No No No No No
30 min Yes Yes Yes Yes No No
1 hour Yes Yes Yes Yes Yes Yes
2 hours Yes Yes Yes Yes Yes Yes
If the data from Figures 5.24 and 5.25 is used to find the optimum cross-linking 
treatment with emphasis on reducing the concentration and or exposure time to limit 
cytotoxicity while choosing a cross-linking degree similar to that used for the gels, a 
possible choice seems to point towards the concentration of 10% w/v for two hours to 
be used for the cell studies.
Cross-linking has an effect on scaffold properties including mechanical strength, pore 
and fibre size as well as the scaffold’s swelling kinetics. The level of fibre swelling is a 
decisive factor that will affect the modelling as well as cellular infiltration. Using the 
chosen cross-linking technique (10% glutaraldehyde solution for a period of 2 hours) 
three scaffolds prepared using different parameters and the increase in fibre diameter 
after soaking is recorded (Figure 5.26). Scaffolds with three averaged fibre diameters of 
5.1, 5.3, and 5.8 pm achieved new diameters of 6.3, 6.1, and 6.75 pm that is an average 
increase of 18.33 ± 4.53 % from the initial diameter. Compared to uncross-linked 
gelatine which have shown swelling increases of 350% upwards.
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Figures 5.26: level of fibre swelling after cross-linking in 37oC de-ionized water
The electrospun scaffolds are of very thin dimensions compared to the hydrogels used 
in the oxygen diffusion measurements in the last chapter. The average electrospun 
scaffold has a thickness of 0.5mm approximately, considering that the boundary layer 
used for the last experiments is around half that value, as well as the fact the 
electrospun fibres are cross-linked in a vapour environment from all sides an 
assumption can be made that the oxygen diffusion across the gelatine is if the same 
value as that of the mass transfer coefficient, knowing that the large tears that were the 
cause in the surges of diffusion in the hydrogel blocks are not available here and the 
overall morphology of the electrospun scaffolds is a shrinkage as is evident from the 
SEM images.
5.5.6 Results of the permeability of the wet cross-linked scaffolds
Scaffolds fabricated by electrospinning and cross-linked in the vapour of 10% w/v 
glutaraldehyde solutions were immersed in deionised water at 37°C for 2 h, and then 
they were used to measured their permeability in water. The measured penneability of 
the scaffolds is shown in Figures 5.27 and 5.28 against the feed solution concentration 
and flow rate, respectively as used to conduct the electrospinning of the scaffolds.
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Figures 5.27: Relationship between the permeability of the wet cross-linked scaffolds and 
the gelatine concentration of the feed solution in the electrospinning of scaffolds
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Figures 5.28: Relationship between the permeability of the wet cross-linked scaffolds and 
the flow rate of the feed solution in the electrospinning of scaffolds
The increase in the gelatine concentration of the feed solution in electrospinning from 
7.5% to 10% shows a near doubling in the produced scaffold permeability. Further 
increase in the solution’s concentration does not seem to further affect the permeability. 
The increase in the flow rate of the feed solution in electrospinning from 2.5 to 7.5
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ml/hr on the other hand seems to cause a nearly linear increase in the permeability from 
lE -ll to 1E-I2m l
The increase in the pore size and porosity of the electrospun scaffolds by the same 
parameters is an evident reason behind the overall increase in the permeability of the 
cross-linked scaffolds, but the reason behind the levelling of the permeability after its 
initial rise may be associated with the effect of cross-linking.
5.5.7 Results of the tensile properties of the wet cross-linked scaffolds
The initial force versus extension graph was used to plot the stress-strain curve (Figure 
5.29) which was used to calculate the Young’s modulus, the ultimate tensile strength 
and the ultimate strain of each type of scaffold. The averaged values were then plotted 
against the parameter of interest. Figure 5.29 shows three stress-strain curves for a 
typical scaffold, in three different experiments for the same scaffold type with a 
different sample in each experiment, to demonstrate the variation and repeatability of 
the tensile tests in these materials.
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Figure 5.29: Typical stress-strain curves for three tests for the same scaffold sample.
The electrospinning set up was designed to wind up the fibres at a 45® angle to achieve 
maximum strength in both circumferential and axial directions in order for the scaffolds 
to withstand the peristaltic nature of blood flow. To investigate the mechanical
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properties, different scaffolds tested in these directions are compared in terms of their 
parameters.
Figures 5.30, 5.31, and 5.32 show the effect of the porosity of the wet, cross-linked 
scaffolds on the Young’s modulus, ultimate tensile strength, and ultimate strain 
respectively, for both circumferential and axial directions of the rotating tubular 
collector in electrospinning. The first observation as to be expected and following 
research findings in the literature (Karageorgiou, Kaplan 2005) is that as the porosity 
increases, the Young’s modulus and the ultimate tensile strength decrease, while the 
ultimate strain increases. So while an increase in the porosity of the scaffolds would 
facilitate better cellular attachment and migration this comes at the expense of 
mechanical performance.
Figure 5.29 shows that there were no differences in the Young’s modulus of the tested 
scaffolds between the axial and circumferential direction of the tubular collector in the 
electrospinning (and, hence, the axial and circumferential directions of the tubular 
scaffolds). Both show a decrease in the Young’s modulus from around 1 to 0.2 MPa 
when the porosity is increased from 60 to 80 %. This agreement between the Young’s 
modulus in the axial and circumferential directions provides evidence of the alignment 
of the fibres along the diagonal of the collecting mandrel (i.e. a 45° fibre alignment in 
the tubular scaffolds).
The ultimate tensile strength decreases from 2.5 to 0.1 MPa as the porosity increased 
from 62 to 80% for circumferentially tested samples, following closely is the decrease 
of the axially tested samples from 0.75 to 0.25 MPa between the same porosity range. 
The difference between the results is not expected as the scaffolds are spun along the 
diagonal axis and should have comparable results. A number of explanations could 
include variations in the inter sample fibre directionality as well as the large error 
margin on two of the circumferentially tested scaffolds with porosities of 62 and 74%.
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Figure 5.30: Relationship between the porosity of the wet cross-linked scaffolds and the
Young’s Modulus
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Figure 5.31: Relationship between porosity and ultimate strain
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Figure 5.32: Relationship between porosity and ultimate tensile strength
The axial and circumferentially tested samples showed very similar ultimate strain 
values which are directly related to the porosity. Other than the strains found at the 
porosities of 62 and 80% the values at other points seem to coincide at similar ultimate 
strains.
Figure 5.33 shows a relationship between fibre diameter and porosity and the SEM 
micrographs of the fibres under investigation. Using Fibre diameter versus the 
mechanical properties in Figures 5.34, 5.35, and 5.36 also show a close agreement 
between the circumferential and axial samples.
Similarly to the porosity graphs, the differences between the axially and the 
circumferentially tested samples seem to be at the same two points in this case at fibre 
diameter of 0.5 and 2.5 pm (Figure 5.34) for the ultimate tensile strength as well as the 
samples with fibre diameter of 0.5 and 5.5 pm for the ultimate strain (Figure 5.36). This 
again can be explained by inter sample variations in the level of alignment.
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Figure 5.33: relationship between porosity and fibre diameter for the tested wet 
cross-linked samples with the samples’ SEM micrographs of these samples.
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A decrease in strength and stiffness is observed accompanied with an increase in the 
ultimate strain with the increase in fibre diameter the trend and relationship follow 
reported results as that of electrospun PLGA (Li et al. 2002).
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Figure 5.34: Relationship between fibre diameter and ultimate tensile strength
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Figure 5.35: Relationship between fibre diameter and Young’s modulus
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Figure 5.36: Relationship between fibre diameter and ultimate strain
The average ultimate tensile stresses for layer specific components of the coronary 
artery are tabulated below (Holzapfel et al. 2005).
Table 5.3: ultimate tensile strength of layer specific human coronary artery
Adventitia Media Intima
circum ferentia l Axial circum ferentia l Axial circu m feren tia l Axial
1 ultim ate ten sile  stress (Mpa) 1.43 ±0.604 1.310.692 0.44610.194 0.41910.188 0.39410.223 0.39110.144
Taking the media as a reference point for the required strength of the scaffold for in- 
vivo implantation and taking 0.5 MPa as the limit strength, scaffolds of porosities lower 
than 70% and fibre diameter under 2.5 pm seem to be those fit for the purpose. 
Stiffness of the media of the coronary artery is estimated from the same work to be 0.1 
MPa in the circumferential and 0.066 MPa in the axial directions. The stiffness of the 
scaffolds seems to surpass that limit for all porosities and fibre diameters expect for the 
scaffold with 80% and 5.5 pm respectively. A stiffer material within the proposed limits 
is not unexpected for vascular tissue such as the femoral artery (1.23-5.5 MPa) and iliac 
artery (1.1-3.5 MPa) (McDonald 1974) and if taking the elasticity of the coronary artery 
as a whole (1.06-4.1 IMPa), (Ozolanta et al. 1998).
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These are however the ranges for non-seeded seaffolds, it is expected that for the 
seeded grafts the cells would fill the voids and would lead to an increase in the 
scaffold’s strength. Literature reports near doubling of the ultimate tensile strength 
when after cells grow across the scaffold. This is discussed further in chapter 7 for the 
optimisation of the scaffold.
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Figure 5.37: Stress-Strain curve when scaffolds are pulled along and opposite fibre 
direction, averaged ultimate tensile strength is 660 kPa, and 250 kPa, ultimate strain of 
107%, and 188%, and the Young’s Modulus is 13 kPa, and 1.3kPa, for parallel and
perpendicular tests respectively
Compared to the above results, scaffolds tested in the direction of the fibres showed two 
fold increase in the ultimate tensile strength compared to testing perpendicular to the 
fibre direction, and a decade larger Young’s modulus (Figure 5.37). This demonstrates 
the repeatability of producing aligned fibres using electrospinning. Similar results are 
expressed in various workings (Mathew et al. 2006, Geun 2008).
5.5.8 Results of the suture retention strength
The results for the suture retention strength for the three types of tested scaffolds are 
tabulated in Table 5.1. While the results show increased suture strength for scaffolds
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with smaller, more closely packed fibres, the differences are not regarded as significant 
to affect the choice of the optimum scaffold as more pronounced properties could be 
affected by the parameters of porosity fibre diameter of scaffolds.
Table 5.1: Relationship between scaffold properties and suture retention strength for wet
cross-linked scaffolds
Average Fibre diameter (pm) Porosity (%) Suture retention strength (N)
6.8 ± 0.7 74.6 ± 3.5 1.81 ± 0.04
4.7 ± 0.5 69.3 ± 3.4 1.87 ±0.19
2.3 ± 0.2 65.3 ± 3.4 1.94 ± 0.09
The results are similar as for other electrospun constructs reported in the literature, 
PCL/collagen electrospun scaffolds showed suture retention strength of 1.1 N (Lee et al. 
2008); electrospun Silk fibroin/gelatine tubular scaffolds after chemical treatment 
exhibited suture retention of 2.86 ± 0.38N (Wang et al. 2009), demonstrating the 
reinforcing effect of silk fibroin. The typically accepted minimal limit for a tissue 
engineered graft for implantation is 2N (Billiar et al. 2001), and while the values are 
slightly lower for the scaffolds of this study, cell seeding has shown to increase the 
suture retention force (Stankus et al. 2007) meaning that after cell seeding the tissue 
engineered constructs of this study will most likely cross the 2N threshold. The values 
also relate very closely with those found for fresh vein and decellularized vein used as 
a vascular scaffold 1.81 ± 0.294 and 1.75 ± 0.647 respectively (Sehaner et al. 2004).
5.6 Concluding remarks
This chapter discussed the fabrication of gelatine scaffolds with aligned fibres with the 
aim of being used as a vascular tissue engineering graft using electrospinning; a 
technique whose versatility is in producing a large range of physical and mechanical 
charaeteristies on demand. The link discussed between the physical properties of the 
gelatine scaffolds, and the processing electrospinning parameters is one of considerable 
benefit as it provides a map that can be utilised after the optimum physical properties 
are estimated using the mathematical modelling of the tissue engineering process.
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The gelatine fibres were cross-linked using glutaraldehyde vapour and the level of 
cross-linking that is studied for the concentration of the solution used and the time of 
treatment. An optimum cross-linking treatment is chosen using 10% w/v for a period of 
two hours. The treatment achieves the same level of cross-linking as that used for the 
gel studies in the previous chapter. In order to perform the biological characterisation 
studies a number of scaffolds with a range of physical properties are chosen. Two 
scaffolds sharing a low porosity of approximately 64% are chosen with varying the 
fibre diameters between the scaffolds for small (0.97pm) and medium (1.47pm). A 
scaffold with a fibre diameter in the medium range (1.78pm) is selected with a medium 
porosity of 75%. Finally to complete the range of scaffold properties the last scaffold 
chosen for biological characterisation is one with a large fibre diameter (2.47pm) and a 
high porosity of 83%.
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Chapter 6: Biological 
characterisation and 
tissue engineering
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6.1 Introduction
This chapter investigates the cellular response to the fabricated scaffolds, in order to 
help optimise the appropriate culture conditions and scaffold physical properties. 
Immortalised human umbilical vein smooth muscle cells (HUVSMCs) were grown in 
culture for testing on the fabricated electrospun scaffold. The growth rate constants of 
the cells as well as the oxygen consumption rate constant of the HUVSMCs were 
determined prior to scaffold seeding. The determined parameters were inputted in the 
computer simulations in chapter 7, which solves the mathematical model proposed in 
chapter 3. The cultured cells were seeded onto multiple scaffolds with ranging physical 
properties (porosity, pore size, fibre diameter, etc.).
The cell adherence on the scaffold surface, the cellular proliferation and migration were 
investigated, and quantified using chemical assays, scaffold surface imaging with the 
use of fluorescent microscopy and scanning electron microscopy, and cross section 
image analysis to quantify the cellular migration across the scaffold thickness using 
histology techniques coupled with either light microscopy or scanning electron 
microscopy. The cellular response has been quantified to compare the experimental data 
with the numerical predictions in chapter 7 to validate the computational model of the 
tissue engineering process. The quantification of the cellular response will help 
demonstrate the optimum scaffold between the ones selected from the previous chapter.
6.2 Materials and Methods
6.2.1 Cells and materials
Human umbilical vein smooth muscle cells (HUVSMC) obtained fi-om (ATCC LGC 
standards, UK) were cultured in medium 231 (Cascade, USA) which is a 500 ml basal 
medium, intended for use with smooth muscle cells, containing essential and non- 
essential amino acids, vitamins, organic compounds, trace minerals, and inorganic salts. 
This medium is HEPES and bicarbonate buffered.
The culture medium is complemented with 25ml smooth muscle growth supplement 
(Cascade, USA). The final concentrations of the components in the supplemented 
medium are foetal bovine serum (7.5% vA final concentration), human basie fibroblast 
growth factor (2 ngtnl), human epidermal growth factor (0.5 ngtnl). Heparin (5 ngtnl). 
Insulin (5 pgtnl), and BSA (0.2 pgtnl). 5ml of penicillin-streptomycin (10000 units of
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penicillin and 10000 pg of streptomycin per ml) were added to the 500 ml of medium, 
to form the final working culture medium.
0.25% Trypsin/EDTA (Cascade, USA) is an irradiated mixture of proteases derived 
fi-om porcine pancreas. It was used for the detachment of adherent cells on the surface 
of cell culture flasks (cell dissociation) during routine culture passaging.
Phosphate buffered saline solution pH 7.4 (PBS) (Cascade, USA) was used to wash the 
cells during routine cell culture to remove any waste materials fi*om the cell cultured 
surface, to neutralize any pH change that occurred during the cell culture, as well as to 
perform scaffold washing in between culture medium changes, etc.
6.2.2 Cell culture procedure
The smooth muscle cell growth supplement was delivered in dry ice and stored in a 
freezer at -20°C when not in use; the cell vials were stored in liquid nitrogen ampoules 
to preserve them prior to cell culture. Any other chemicals or supplements were stored 
according to manufacturer’s guidelines: for example, PBS was stored at room 
temperature while trypsin was stored in a standard home fi-idge at 4°C.
To maintain sterile aseptic conditions, the laminar flow hood used for the cell culture 
was thoroughly washed using 70% ethanol solution prior and after use. All non-sterile 
containers, flasks, tools etc. were also thoroughly washed with the ethanol solution, 
before being used within the hood. The user wore latex gloves tucked over the clean lab 
eoat sleeves in order to cover the skin of the user to prevent contamination; these gloves 
were thoroughly washed in the ethanol solution prior to insertion within the hood. 
Arrangement of the workspace within the hood was respected while working from 
outside: the user would need to have pre-placed all the apparatuses and materials 
required for the cell culture, to maintain aseptic conditions.
The ingredients for the culture medium were thawed/warmed up in a water bath at 
37°C, they were then dried using paper towels before spraying with 70% ethanol, the 
culture medium was prepared inside the laminar flow hood, and the working solution 
was then stored in a fiidge at 4°C for use. The working solution was used within 2 
weeks of preparation.
The Human smooth muscle cells arrived in a suspension of frozen culture medium; the 
vial of cells was transported from the liquid nitrogen container and thawed in the water 
bath at 37°C. 5 ml of culture medium was added to the DMSO (Dimethyl sulfoxide) 
supplemented cell suspension and the mixture was mixed by re-pipetting and 
centrifuging at 1500 rpm for 5 minutes (Fisher Scientific, Accuspin 400, 
Loughborough, UK). The unwanted medium was disposed by tipping and the cell pellet 
was re-suspended in fresh medium (1 ml) using a pipette. Finally the newly suspended 
cell medium was transferred to a standard T75 flask with an additional 14 ml of culture 
medium before maintaining it in an incubator at 37°C with an atmosphere of 5% carbon 
dioxide and 95% air.
The cells growing on the flask surface were examined frequently under an inverted 
mieroseope to examine the cell adherenee to the flask: observation of an elongated cell 
on the surface is a good indicator of attachment. Colour ehange of the Phenol red 
supplemented medium gives an indication of the pH of the medium, where the red 
medium turning pink indicates the need of culture medium change. The culture 
medium was changed every 2-3 days. Before warm fresh culture medium was added, 
the old medium was removed using a pipette or tipping. As the cells were adhered to 
the surfaee of the flask, the cells were washed with PBS solution before the fresh 
medium was added.
When cells reached 70% confluent, the cell population where grown on 2 or 3 new 
flasks. The confluency of the cells was determined under an optical microscope. When 
a cell passage was required the culture medium was removed before washing by PBS to 
remove any traces of the culture medium before the use of the Trypsin solution to 
prevent weakening the cell dissociation process. 4 ml of the warm trypsin solution 
(thawed in the water bath from its frozen state) was applied to the cell covered surface, 
and the flask was returned to the incubator for a period of approximately 5 minutes. 
Once all/most of the cells were detached from the surface and rounded floating cells 
were seen under the microscope, 4 ml of the culture medium was added to the cell 
suspension to counteract the effects of the trypsin solution and a new cell pellet was 
obtained by centrifuging as previously described to obtain a cell pellet which was re­
suspended either in other flasks to continue culture or was used to seed the scaffolds.
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The cell density between passaging was monitored using a Haemocytometer (Weber 
Scientific International, Teddington, Uk).
6.2.3 Scaffold preparation and sterilization
After the electrospinning and cross-linking of the gelatine scaffolds, preparations were 
performed to achieve a cell culture viable scaffold capable of undergoing tissue culture. 
After the cross-linking treatment, circular scaffolds of 35 mm were punched from the 
electrospun mat. To maintain the shape of the scaffold while in culture, the scaffolds 
were secured by two circular rings that fitted together sandwiching the scaffold. The 
rings then were placed into the 6 well plates. Figure 6.1 shows how the rings functioned 
by maintaining the circular geometry of the scaffold during culturing, allowing for easy 
handling. The four notehes or gaps on the smaller 0-ring allowed for culture medium 
transfer from below the secured scaffold.
The scaffolds were immersed in warm 25% (w/v) glycine solution for a period of 3 
hours. The purpose of this stage was to remove any un-reacted glutaraldehyde groups 
remaining on the scaffold which can be toxic to the cells. The scaffolds were then 
immersed in 6% (v/v) hydrogen peroxide solution for sterilization and left overnight, 
after this point all procedures were handled in a laminar flow cupboard following 
standard aseptic protocols. The scaffolds were removed fi-om the hydrogen peroxide, 
secured onto the sterile circular fitters and undergone three washes in sterile phosphate 
buffered saline solution before being incubated in culture medium containing 5% 
penicillin streptomycin for a period of 24 hours in an ineubator at a temperature of 
37°C. This period ensures a scaffold that is fully saturated in growth medium allowing 
for better proliferation of cells during seeding.
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Figure 6.1: The static culture protocol; from left to right: demonstration on how the 
scaffold would be fitted between the rings, the scaffold undergoing PBS wash after 
sterilization, and finally the culture medium soak.
6.2.4 Cell seeding and culture on scaffold procedures 
Static culture
Confluent cells were detached from the culture flasks as previously described and 
separately seeded onto the prepared scaffolds. 200 pi of the cell suspension of density 
of 2.5x10^ cells/ml was uniformly seeded onto the surface of the prepared scaffold, on 
one side only -the top surface-, and incubated for 3 hours in 6 well plates without 
disturbance in order to achieve adequate cell attachment. 3 ml of culture medium was 
then added to the wells and returned to the incubator. The medium was changed every 2 
to 3 days and scaffolds were cultured for a period of 9 days.
Dynamic culture
A simple platform that allows for dynamic culture of the scaffolds was developed, 
where the 3D tubular scaffolds were rotated at 60 RPM in the middle of culture medium 
held in a sterile glass container. The scaffold was fitted around the mandrel which was 
then rotated using a magnet and an inverted magnetic stirrer as seen in Figure 6.2.
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Magnetic stirrer
Culture medium
Figure 6.2 Schematic of the rotating bioreactor.
The scaffold was sterilized as previously described and underwent the same treatment 
as the scaffolds used in static culture. The cell seeding was done statically to achieve 
sufficient cell attachment before being introduced into a dynamic environment. One 
half of the outer scaffold surface was seeded and incubated for 3 hours, the scaffold was 
then turned over and seeded onto its other side and returned to the incubator for a 
further three hours before fitting the scaffold onto the mandrel and submerging it fully 
in fresh culture medium whilst rotating the mandrel.
6.3 Testing techniques
6.3.1 Cell growth and oxygen consumption tests
An electrochemical electrode oxygen sensor was used to measure the change of oxygen 
concentration within the culture medium used for growing the cells, as well as the air 
surrounding the culture medium (Hanna instruments HI 9143). The electrode was 
nearly the same diameter as the cap of a standard 75 cm^ flask (Approx. 1.9cm 
diameter), so that the electrode was inserted into the culture flask following a typical 
passage procedure: 5.25x10^ cells/ml were seeded as normal in the T75 flask; after 3 
hours in the incubator (all cells attached on the bottom of the flask), the culture medium 
was disposed and a volume of 55 ml was added into the flask. This volume was chosen 
so that sufficient cell required nutrients and other substances were available for longer 
times than the standard 2-3 days. The volume of liquid was not too large, so it 
maintained a dry electrode when the flask was placed as nonnal onto its belly (allowing 
for the measurement of the oxygen concentration in the air surrounding the medium).
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When the flask was turned by 180 degrees, the electrode was entirely submerged into 
the culture medium allowing for the measurement of the dissolved oxygen in the 
medium. The entire electrode was sealed using parafilm tape securely to prohibit any 
gaseous exchange with the outside, creating the fully closed system that can be seen in 
Figure 6.3. Prior to use, the electrode was thoroughly washed in 70% v/v ethanol 
solution to limit contamination in this intrusive system before removing left over 
ethanol with a wash with sterile PBS solution. For cell number monitoring, snap shots 
of the bottom of the flask were taken using an optical microscope, the size of the 
images was calibrated and the average cell number/ area was used to ealculate the 
approximate total cell number.
m
Figure 6.3 oxygen concentration measurements using an electrochemical electrode sensor
6.3.2 Measurement of cellular proliferation across the using MTS 
Assay
The CellTiter 96 Aqueous One solution cell proliferation assay (MTS) from Promega 
was thawed in a water bath for 10 minutes. The two reagents (1 ml of PMS solution to 
20 ml of MTS solution) were mixed in a laminar flow hood following standard aseptic 
techniques. The working reagent was stored in a freezer at -20°C between uses to 
maintain its viability.
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The seeded scaffolds were collected at 4 stages after seeding (24 hours, 3 days, 6 days, 
and 9 days). The scaffolds were washed in PBS before being incubated in 500pl of 
culture medium mixed with lOOjil of the working MTS solution and incubated at 37 °C 
for four hours. The 600|il of the solution was transferred into 4 or 5 wells (120^1 in 
each well) of a 96 well plate and the absorbance of light at 490 nm was measured using 
an ELxSOO 96 well micro-plate reader. Three measurements were taken for the same 
plate and the average absorbance for each well was calculated. 5 standard wells holding 
a combination of the culture medium and the working MTS assay, which had 
undergone the same steps but without a scaffold, were used to calculate the average 
absorbance under 490 nm and the value was subtracted from the measured absorbance 
for the scaffolds (without cells) to give the corrected average absorbance.
6.3.3 Imaging of the surface of the scaffolds (including cells) by 
scanning electron microscopy
Scaffolds were washed in PBS three times before being fixed in 10% formaldehyde 
overnight followed by dehydration in a graded series of ethanol/water solution, as 
previously explained, before being dried overnight in a vacuum desiccator. The 
scaffolds were fixed on a stub before being sputter coated with 20 nm 60-40 gold- 
palladium mix; the coating is done under a direct current of 25 mA using the EEMS 
575X sputter coater. The scaffolds were then viewed under a Hitachi S3200 Scanning 
electron microscope operated at 15KV to view the samples.
6.3.4 Test of Live/Dead cell viability on scaffolds using fluorescent 
microscopy
To determine the viability of the cells and the seeding efficiency a live/dead 
fluorescence imaging was performed where the cells were viewed under a fluorescent 
microscope. A dye was added beforehand to distinguish between dead and live cells. 
The dye contained two active ingredients: Calcien AM, which indicates intercellular 
esterase activity, showing live cells as green with emission readable around 515 nm 
when excited using a wavelength of 495 nm. The second active ingredient was 
Ethidium homodimer-1 showing red fluorescence at a wavelength of 635 nm of the 
dead cells; as it stains only cells that have lost their plasma membrane integrity, the 
excitation wavelength for Ethidium homodimer-1 is 495 nm.
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The dye was prepared by mixing 5 ml of deionised sterile water with lOpl of the 
Calcien AM dye and 5 pi of the Ethidium homodimer-1 solution under dark condition 
just prior to staining to prevent quenching of the fluorophore. The scaffolds were 
washed in deionised water prior to incubation in the fluorescent media for a period of 
10 minutes, washed again to remove excess dye before blotting with filter paper to dry, 
and the scaffold was finally mounted on a glass slide for viewing under the fluorescence 
microscope.
6.3.5 Histo-morphology of scaffolds
Scaffold samples were collected on days 1,3, and 9 after seeding at the same time of 
the day. The scaffolds were washed in PBS before they were fixed overnight in 10% 
formaldehyde solution, followed by dehydration in a graded series of ethanoEwater 
solutions (25%-100%). The scaffolds were then impregnated with resin using ethanol as 
an aid: hence, a graded series of ethanol/resin mix was used as follows: 2:1 absolute 
ethanokresin for 1 hour, 1:1 mix for 1 h, 1:2 ethanokresin mix for 1 h. Finally the 
samples were left overnight in resin at room temperature. The resin infiltrated scaffolds 
were then placed in resin moulds and cured in an oven at a temperature of 60°C 
overnight.
After curing the moulds, thin slices of thickness 3-6 pm of the scaffold were cut in the 
transverse plane of the scaffold using a microtome. The sections for staining the thin 
slices were fixed onto clear glass slides by placing the sections on drops of 10% ethanol 
solution and heating gently at a temperature of 40°C in an oven for 2 hours. The 
sections were firmly fixed on the glass slide and ready for staining.
The resin was softened and cleared from the slices by placing the slides in 2 changes of 
xylene for 30 minutes each. The scaffolds were then hydrated through a graded series of 
ethanoEdeionised water mix (100%, 95%, 70%, 50%, and 30%), for five minutes each, 
before being washed briefly in deionised water. The slides were then stained with 
haematoxylin stain for a period of 8 minutes, followed by washing under running tap 
water for 5 minutes. The stain was differentiated by washing in 1% acid alcohol for 45 
seconds followed by another wash for five minutes under running tap water. Finally, 
0.2% ammonia solution was used to blue the samples for 45 seconds. To prepare the 
slides for eosin staining, they were first dipped in 95% ethanol (10 dips) before being
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stained by eosin solution for 1 minute. The slides were then dehydrated through another 
series of ethanol/deionised water (30%, 50%, 70%, and 100%), before clearing in 2 
changes of xylene 5 minutes each. The slides were then viewed under the optical 
microscope; Figure 6.4 summarises the steps mentioned.
Alternatively, for scanning electron microscopy all procedures were followed until the 
xylene treatment. Thereafter, instead of staining, the scaffold slices were fixed onto 
electron microscopy stubs as was followed in the procedure described above.
Graded ethanol dehydration
O Q Q
Sample fixed onto glass 
slide by drying the sample 
with a drop of ethanol 
below the sample by 
heating
□
PBS Wash
Formaldehyde treatm ent overnight
Sample 
moulded 
into easy 
cut shape
Transversely cut slices (3-6pm  
thick) using microtome
Resin impregnation
Staining Sample fixed
Figure 6.4: A schematic describing the procedure for viewing the cross-sectional thickness 
of the scaffolds under an optical microscope.
6.4 Results and discussion
6.4.1 Cell growth and oxygen consumption tests
The oxygen concentration profile in the cell containing culture medium was monitored 
using the electrochemical electrode. Figure 6.5 shows the results of oxygen 
concentration as a function of time over the period of 100 hours. A drop in oxygen 
concentration is observed, directly linked to the cellular consumption. The oxygen 
concentration was also measured in the air in the flask to monitor whether any oxygen
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had been absorbed by the culture medium: Figure 6.6 presents the oxygen concentration 
results against time, in the air in the flask: it can be seen that there is a horizontal fit of 
the data points which is a few points +5% over the expected oxygen concentration in 
atmospheric air and a maximum measurement error of ±5% can be calculated for the 
oxygen concentration measurements in the air in the flask.
Figure 6.7 shows the total number of cells across the bottom of the flask as a function of 
time. It is clear that the cell population grows fast within the first 10 hours, slower up to 
40 h, and it stays approximately constant between 40 and lOOh. During the first 10 
hours the abundance of nutrient, oxygen and free space for cellular proliferation allows 
the initial rise in the cell numbers. As oxygen and nutrients are exhausted from the 
medium coupled with the decrease of the free space in the flask the cells’ proliferation 
slows down.
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Figure 6.5 Oxygen concentration change in culture medium versus time and a line of best
fit through the data points.
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Figure 6.7: Total cell number in the flask during the 100 hours of experimentation.
6.4.1.1 Determination of the constants of the oxygen consumption and 
cell growth models
The results from Figures 6.5 and 6.7 are used to determine the constants of the models 
of the oxygen consumption and cell growth, presented in chapter 3.
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(i) Oxygen consumption model
Relation (6.1) has been used as the oxygen consumption model in which the rate of 
oxygen consumption is proportional to the concentration of live cells:
Q o 2 — ^ O z ^ c e l l (6 .1)
The rate of change of oxygen as a function of time was calculated from the data of 
Figure 6.5 and was plotted against the corresponding cell concentration (Figure 6.7) and 
the graph is presented in Figure 6.8. The points were fitted to a straight line of best fit to 
represent relation (6.1), from the gradient of the line the oxygen consumption constant, 
ko2 was calculated to be 9x10'.-16
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Fig 6.8: Determination of the oxygen consumption constant in the oxygen consumption
model as: ko2 = -9xl0'^  ^s"^
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(ii) Cell growth model
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Figure 6.9: Cell change rate as a function of oxygen concentration and cell concentration
Plotting the rate of change of cells (gradient of Figure 6.7) against the corresponding 
oxygen concentration in Figure 6.9 shows that the cell growth-oxygen consumption 
model cannot be fitted into a first order-model of the type
Qcell ~  ^growth^02^cell (6.2)
Consecutively, the Monod model has been tried for the cell growth constant, Kgrowth as a 
function of oxygen concentration and consumption, given by the following relation:
K   Kgrowth,max (  d t - R , (6 3)
So that:
Qcell = ^  =  K.dt growth'^ cellCr (6.4)
From the data of Figure 6.7, by calculating and finding the maximum, the
maximum cell growth constant is detennined as Kgrowth, max = 2.51x10'^ s '\
160
The specific oxygen uptake, R02 d£02dt ■/Cceii is calculated from the data of Figures 6.5
and 6.7. From those values both the maximum specific oxygen uptake, Ro2,max, and the 
average specific oxygen uptake, Ro2,avg, by the human umbilical vein smooth muscle 
cells are determined as:
Ro2,max = 1.72x10'^^ moF(cell s), and Ro2,avg = 1.12x10'^° moF(cell s).
Finally to validate the Monod model for the cell growth constant, the cell growth 
constant is calculated according to the Monod model of relation (6.2) and multiplied by 
the cells concentration data of Figure 6.6: the results are the y-axis data of Figure 6.9. 
The x-axis data of Figure 6.9 are the dCceii/dt data of Figure 6.7. According to equation 
(6.3) the X - and y- axis data of Figure 6.9 should be equal. A straight line of best fit
through the points has a gradient of 0.94*1.
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6.4.2 Scaffold viability and cellular proliferation in static cultures
Four scaffolds were used for cell seeding and proliferation studies under static 
conditions. Table 6.1 presents the data from the physical characterisation of these 
scaffolds. The main difference between the scaffolds is their porosity and fibre
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diameter, where increasing fibre diameter is associated with larger pore size. All four 
scaffolds had all their fibre layers laid up in the same fibre direction.
Table 6.1: Properties of the four scaffolds used for cell seeding, culture under static 
conditions, and biological characterisation. The properties refer to the cross-linked, dry
scaffolds.
Scaffold-Sl ScaffoId-S2 ScaffoId-S3 Scaffold-S4
Fibre diameter 
(|im)
0.973=0.16 1.473:0.31 1.783=0.37 2.473=0.46
Porosity (%) 633=4 643:5 753:5 83±7
6.4.2.1 Results of the MTS assay tests on cell cultures under static 
conditions
First of all, a cellular metabolic assay was performed on these four scaffolds seeded 
with cells and also in the control sample where the cells attached and proliferated on a 
polystyrene plate. The cellular metabolic assay tests were used to assess the cytotoxicity 
of the cross-linked gelatine on the cells as well as to compare the cellular proliferation 
across the different scaffolds. Figure 6.10 presents the corrected light absorbance at 490 
nm of the four scaffolds over a period of 9 days as well as a control experiment, where 
the cells were seeded onto a polystyrene plate. The metabolic activity registered twelve 
hours past seeding indicates that the cross-linked gelatine scaffolds are a suitable 
candidate for cell seeding, the cytotoxicity effects of the glutaraldehyde were countered 
by the glycine and PBS wash.
The cells seeded onto the control two dimensional polystyrene plate registered higher 
metabolic activity than nearly all the scaffolds after the first 12 h: one possible 
explanation is that the scaffolds lost some of the cells from their surface which migrated 
to the bottom of the 6-well plates used to hold the scaffolds. This would explain why 
scaffolds with lower porosities seem to exhibit higher metabolic rates after twelve hours 
compared to the scaffolds with higher porosities.
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All scaffolds show at least the level of metabolic activity of the cells cultured on the 
polystyrene plate by the third day of culture, and far surpass that for the remainder of 
the culture period. As cells grow across the scaffolds they are allowed to migrate from 
the surface giving them plenty more space to proliferate compared to the 2D plate 
which have a limited proliferation area. Similar results are reported in other literature 
involving smooth muscle cells and electro spun scaffolds (Lee et al. 2008, Sisson et al. 
2009).
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Figure 6.10: Cell proliferation and viability study using MTS assay.
The scaffold with porosity of 63% and fibre diameter of 0.97 pm initially shows the 
highest metabolic activity due to the better adherence of cells. Cellular proliferation 
however seems to stop after the third day in culture, this is probably due to the limited 
migration possibilities of the densely packed scaffolds. Comparatively the scaffold 
showing a similar porosity of 64% but with larger fibre diameter of 1.47 pm continues 
to show increasing proliferation until day 9 of culture at which point the overall 
metabolic activity seems to be similar to the previous scaffold. However taking into 
account the lower starting cell count, the cells seem to grow and proliferate better in the 
larger fibre diameter scaffolds, as there are no interruptions in their growth.
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Literature reports higher cellular proliferation in scaffolds with microfibers than those 
with nanofibres. This is explained by the fact that the focal adhesion complexes on the 
cell membrane are larger than 1 pm, which makes nanofibres lack the sufficient surface 
area required for cellular adhesion (Soliman et al. 2011, Moroni et al. 2006). This, 
however, might not be the case here, as the smallest fibre diameter is nearly 1pm, 
which means that all scaffolds meet the criteria required for cellular adhesion. Another 
explanation could be the fact that having larger fibre diameter means that the created 
inter pore diameters have increased providing easier cell proliferation.
Scaffold-S3, with an even greater porosity of 75%, and larger fibre diameter of 1.78pm, 
shows higher cellular proliferation rates at three days past seeding compared to the less 
porous scaffold-S2, but that rate seems to slow down, reaching similar final metabolic 
activity as the previous two scaffolds. The final scaffold with the highest porosity and 
fibre diameter of 83% and 2.47 pm, respectively, shows the maximum cellular 
metabolic activity i.e. the highest proliferation rate by day 9, nearly double that of the 
control polystyrene and 40% more than the other three scaffolds. This can easily be 
attributed to the very high porosity and the significantly larger fibre diameter as 
similarly reported in other works (Soliman et al. 2011, Moroni et al. 2006, Bashur, 
Dahlgren & Goldstein 2006)].
The metabolic assay has shown that the cells are adhering and proliferating through the 
cross-linked gelatine electrospun meshes and that there are no adverse effects of the 
glutaraldehyde as the cells find the scaffolds a favourable environment. These tests also 
established a preliminary understanding on how the scaffold’s physical characteristics 
affect cellular behaviour. However, limitations of the MTS assay technique include the 
difficulty of quantification of cellular numbers as there is no direct way to understand 
how the assay diffuses through the pores of the scaffold in order to react with the cells, 
making it hard to compare with intensities calculated for cells grown on a 2D substrate.
6.4.2.2 Live/dead cell viability tests on cell cultures under static 
conditions
Further analysis of the cellular viability and comparison between the scaffolds was 
conducted by the use of fluorescence imaging of the live/dead population of the cells 
growing on the scaffolds, for periods of 12 hours, and 9 days post seeding. Green
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fluorescence shows the live cells (Figures 6.11 and 6.12 (b)), and the red fluorescence 
shows the dead cells (Figure 6.12(a)). Figure 6.11(b) shows the live cells adhering and 
growing on a glass slide as a control experiment, similar morphology of the cells is 
notieed when looking at the fluorescently labelled seaffold with cells growing on the 
scaffold surface (Figure 6.11(b)).
(a) (b)
Figures 6.11: The live cells stained with Calcien AM: (a) the live cells on a glass slide (b)
live cells on a scaffold.
Using the fluorescenee images, for both dead and live cells, (Figures 6.12 (a) and (b)), 
on the same scaffold or substrate, allows for the determination of the percentage of cells 
eovering the surface, by relating the percentage of live/dead to the scaffold area, using 
JMicroVision software, 3 snapshots similar to Figure 6.12 from random positions of the 
surface of the seaffold are used. Table 6.2 presents the cell viability results from the 
fluorescence microscopy.
Differences between the scaffolds regarding the viability of the eells after 12 hours of 
seeding cannot be used as a measure of cellular attachment, due to the high error 
percentage in the measurements in comparison to the differences between the samples 
(7% difference between samples with standard error reaching 9%). However this test 
enabled the realisation that while the static seeding technique causes the death of a great 
number of cells because of lack of adherence, it is still a useful and valid technique for 
cell seeding, when one examines the results of eellular viability after 9 days in culture.
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It is obvious that the cells undergo proliferation in the scaffolds and achieve acceptable 
ratios of live to dead eells.
(a) (b)
Figures 6.12: Fluorescence microscopy: (a) Dead and (b) Alive cells covering an area of
the scaffold after 9 days of cell culture.
Table 6.2: The cellular viability on the scaffolds, 12 hours and 9 days post seeding 
measured using fluorescence imaging.
Scaffold properties
Cell viability 12 hours post 
seeding (% of alive cells over the 
total number of cells)
Cell viability 9 days in 
culture (% of alive cells over 
the total number of cells)
Fibre diameter 0.97 pm and 
Porosity 63% Scaffold-Sl
55.5 ± 7 % 85 ± 5
Fibre diameter 1.47 pm and 
Porosity 64% Scaffold-S2
5 9 . 0 ± 9 % 86 ± 4 %
Fibre diameter 1.78 pm and 
Porosity 75% Scaffold-S3
5 L 0 ± 8 % 80 ± 7
Fibre diameter 2.47 pm and 
Porosity 83% Scaffold-S4
6 & 0 ± 3 % 92 4= 9
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6.4.3 Cellular morphology and migration in static cultures
6.4.3.1 Scanning electron microscopy (SEM) of cell morphology, 
attachment and proliferation in scaffolds under static culture 
conditions
Acquiring high magnification images of the surface of the scaffolds with immobilised 
cells were carried out to understand how the cells adhere and proliferate. In order to 
demonstrate that the SEM preparation technique does not change the morphology of the 
scaffold, a control scaffold without any cells, which was incubated for 6 days in culture 
medium, was viewed under the SEM following the same protocol as the other scaffolds. 
Figure 6.13 shows the SEM micrograph of the control scaffold (without cells). It can be 
seen that the scaffold’s fibres are recognizable, and the general directionality of the 
fibres is still apparent. No apparent change to the surface structure or deterioration of 
the scaffold in the culture medium or during the preparation process for the SEM is 
observed.
/ r
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Figure 6.13: Control scaffold (no cells). Scale bar 60 pm
Figures 6.14 to 6.16 show the cells adhered to scaffbld-S 1 (average porosity= 63%, 
fibre diameter =0.97 pm). Figure 6.14 shows the scaffold 12 hours post seeding. Figure 
6.15 shows the scaffold 3 days post seeding, and Figure 6.16 shows the scaffold 9 days 
post seeding. The colony of cells depicted in Figure 6.14 shows the smooth muscle cells
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adhered and aligned to the gelatine fibres just 12 hours post seeding. Zooming in on the 
area pointed at by the marker shows the adherence of an individual cell. The tentacle 
like protrusions of the cell are observed to align with the direction of individual fibres, 
while the cell itself covering more than one pore due to the cell’s size in relation to the 
pores in this case.
A very confluent layer of smooth muscle cells is covering the scaffold’s surface only 3 
days post seeding (Figure 6.15). Individual fibres can be viewed between gaps of the 
cellular layer and, using those as a guide, a general directionality of cellular alignment 
can be observed. The high degree of cellular proliferation on day 3 measured using the 
metabolic activity of cells grown on this type of scaffold, scaffold-Sl, seems to agree 
with the SEM micrograph of a sub-confluent scaffold surface on day 3.
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Figures 6.14: SEM micrographs of cells adhered to the electrospun scaffold-Sl (average 
porosity of 63% and fibre diameter of 0.97 pm) after 12 hours. The arrow shown in (a) 
(scale bar 500pm) points to a cell viewed in high magnification in (b) (scale bar 100pm).
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Figure 6.15: SEM micrograph of cells adhered to the electrospun scaffold-Sl (average 
porosity of 63% and fibre diameter of 0.97 pm) 3days post seeding (scale bar 400pm).
Figure 6.16 shows the scaffold 9 days in culture: the location was chosen as it showed 
the comer of the scaffold which was poorly adhered to the stub and allowed a unique 
image of both the surface and the bottom of the scaffold. Figure 6.16 (a) focusses on the 
bottom side of the scaffold which was not seeded: the micrograph details the fibres of 
the scaffold quite clearly with no visible signs of cellular growth. Figure 6.16(b) has the 
focus on the upper-side of the scaffold and shows a confluent layer of cells growing on 
the surface.
The cells in scaffold-Sl after three days have achieved near confiuency at the top 
surface, and 9 days in culture have failed to show any cells that have migrated all the 
way through the scaffold to the other side. This observation coupled with the metabolic 
activity of the cells recorded earlier showing limited increase after the third day and 
reinforced with the observation that individual cells cover more than one pore when 
adhered on the scaffold, all point out towards the limited permeability of the scaffold 
for the cells, and that the majority of the proliferation has happened on the upper 
surface of the scaffold.
1 7 0
100pm
100pm
(b)
Figures 6.16: SEM micrographs of ceils adhered to the electrospun scaffoId-Sl (average 
porosity of 63% and fibre diameter of 0.97 pm) 9 days post seeding: (a) the image is 
focused on the bottom side of the scaffold which shows only the fibres with no cells, (b) 
The same position is shown where the focus is on the cell-seeded side; both images have a
scale bar of 100pm.
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The next scaffold under investigation is scaffold-S2, with an average fibre diameter of 
1.47 pm and porosity of 64%. Figures 6.16-6.18 show the scaffolds at 12hours and 9 
days in culture, Figures 6.17 and 6.18 show the scaffold-S2 after 12 hours in culture, 
where it can be seen that there are a few visible cells adhered to the surface, however in 
comparison to the scaffold-Sl the number of adhered cells is lower. Zooming in on one 
of the cells Figure 6.17(a) and viewing the magnified image in Figure 6.17(b) shows a 
cell adhered between fibres in a gap that has a diameter of around 30 pm. Figure 6.18 
shows a number of other cells on the surface, and its evident from their morphology that 
the adherence is not complete as they maintain a more rounded shape rather than a flat 
spread out one.
After nine days in culture, the surface of scaffold-S2 shows a sub-confluent layer of 
adhered cells (Figure 6.19) and evidence of cellular migration. The SEM observations 
seem to agree with the metabolic activity measurement found previously; where 
scaffold-S2 holds fewer cells at seeding but seems to achieve confiuency none the less 
with better and more constant proliferation rate compared to scaffold-Sl.
Similar results are observed for scaffold-S3 with fibre diameter of 1.78pm and 75% 
porosity. SEM micrographs of the cell growth on this scaffold are shown in Figures 
6.20 and 6.21 for 12 hours, 3 days and 9 days in culture. Figures 6.20(a) and (b) show a 
number of cells adhered to the surface of the scaffold. The cells show an elongated 
morphology pointing towards good adherence properties of the scaffold. The density of 
the cells still does not match that of scaffold-Sl, again agreeing with the metabolic 
activity recorded in the MTS assay graph for cell behaviour after 12 hours of seeding. 
After three days in culture, cell spreading is obvious on the surface of the scaffold 
(Figure 6.21(a)), and after nine days in culture a sub-confluent layer can be observed 
(Figure 6.22(b)).
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Figures 6.17: SEM micrographs of cells adhered to the electrospun scaffold-82 (average 
fibre diameter of 1.47 pm and porosity of 64%) 12 h post seeding. The arrow in (a) (scale 
bar 100pm) indicates the cell shown in (b) (scale bar 30pm).
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Figure 6.18: SEM micrographs of cells adhered to the electrospun scaffold-S2 (average 
fibre diameter of 1.47 pm and porosity of 64%) 12 hours post seeding, scale bar 70pm.
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Figures 6.19: SEM micrographs of cells adhered to the electrospun scaffold-S2 (average
fibre diameter of 1.47 pm and porosity of 64%) 9 days post seeding, scale bar 200pm (a),
and scale bar 80pm (b).
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Figures 6.20: SEM micrographs of cells adhered to the electrospun scaffold-S3 (average
fibre diameter of 1.78 pm and porosity of 75%) 12 hours post seeding, scale bar of 70pm
for (a) and (b).
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Figures 6.21: SEM micrographs of cells adhered to the electrospun scaffold-S3 (average
fibre diameter of 1.78 pm and porosity of 75%) (a) 3 days post seeding (100pm scale bar)
and (b) 9 days post seeding (100pm scale bar).
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The last scaffold under investigation is scaffold-S4 with an average fibre diameter of 
2.47 pm and porosity o f 83%. The SEM micrographs o f these scaffolds are shown in 
Figures 6.22-6.24. The adhered cells show a flattened branched morphology after 12 
hours o f culture in Figures 6.22(a) and (b). A dense layer of cells is evident after three 
days in culture in Figure 6.23(a). However cells are not apparent on the lower side of 
the scaffold at this point (Figure 6.23(b)). After 9 days of culture a sub-confluent layer 
of cells is visible on the surface (Figure 6.24 (a)) and even a dense layer o f cells is 
observed on the bottom side of the scaffold (Figure 6.24(b)). The higher rate o f cellular 
proliferation is apparent here by the successful migration of cells through the scaffold 
and seems to agree with the findings o f the MTS metabolic assay, where the highest 
rate of cellular proliferation is exhibited beyond the third day.
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Figures 6.22: SEM micrographs of cells adhered to the electrospun scaffold-S4 (average
fibre diameter of 2.47 pm and porosity of 83%) 12 hours post seeding, scale bar 100pm for
(a) and (b).
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Figures 6.23: SEM micrographs of cells adhered to the electrospun scaffold-S4 (average
fibre diameter of 2.47 pm and porosity of 83%) 3 days post seeding: (a) top surface and
(b) the cell free bottom side. Scale bar 100pm for both images.
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Figures 6.24: SEM micrographs of cells adhered to the electrospun scaffold-S4 (average
fibre diameter of 2.47 pm and porosity of 83%) 9 days post seeding: (a) top side of the
scaffold, and (b) the bottom side; both scale bars are 200pm.
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6.4.3.2 Scanning electron microscopy (SEM) of cell migration depth in 
scaffolds under static culture conditions
SEM of scaffold cross-sections was carried out to examine the depth of cellular 
migration in the scaffolds. Figure 6.25 shows the SEM micrograph of the cross-section 
of scaffold-S3 (fibre diameter = 1.78pm and porosity = 74%) for (a) 3 days, (b) 6 days, 
and (c) 9 days in culture. The darker areas in the micrographs indicate the cell-dense 
areas and, in this manner, the depth of the cell migration can be assessed. Cells are 
generally expected to migrate from the seeded surface into the scaffold, transverse to 
the surface and through the scaffold thickness. Figure 6.25 (b) shows a more even 
distribution after 6 days in culture when compared to the less uniform distribution of 
cells after 3 days seen in Figure 6.25 (a) (which could be due to non-uniform seeding in 
that particular specimen). While this technique lacks the ability to distinguish between 
individual cells, the denser areas are easily distinguishable allowing for the 
measurement o f the migration depth profiles. The variation in the profiles was 
calculated using 10 measurements in each section with the use of at least three sections 
to give a total o f n=30 measurements. Figure 6.27 shows the migration depths of the 
cells in the two scaffolds. Scaffold-S3 and Scaffold-S4, with the higher porosity ranges 
of 74% and 83% and fibre diameter of 1.78 and 2.47pm respectively. The results of the 
cellular migration show an increased level of migration as early as three days in culture 
for scaffold-S4 with the higher porosity. Scaffold-S4 continues to show increased 
migration distances in comparison with the lower porosity scaffold-S3 for days 6, and 
9.
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Figure 6.25: Scanning electron microscopy of the histo-morphology showing cellular 
migration through the scaffold-83 (1.78 pm fibre diameter and 75%), after (a) 3 days in 
culture (scale bar 100pm) (b) 6 days in culture (scale bar 200pm) and (c) 9 days in culture
(scale bar 300pm).
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Figure 6.26: Scanning electron microscopy of the histo-morphology showing cellular 
migration through the scaffold-S4 (2.478 pm fibre diameter and 83%), after (a) 3 days in 
culture (scale bar 200pm), (b) 6 days in culture (scale bar 200pm) and 9 days in culture
(scale bar 200pm).
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Figure 6.27: Distances of cellular migration from the seeded surface as a function of time, 
acquired from the histology of slices of the scaffold-S3 and scaffold-S4 viewed under a
scanning electron microscope.
6.4.3.3 Histology of stained scaffolds: results of cell migration depth in 
scaffolds under static culture conditions
Cellular migration was measured across the depth of the scaffolds using the histo- 
morphology of stained scaffolds. Figures 6.28 and 6,29 show a cross section of the 
seaffolds stained with the haematoxylin-eosin solution, for seaffold-S3 (1.78 pm fibre 
diameter and 75% porosity) and scaffold-S4 (2.47 pm fibre diameter, 83% porosity), 
for 3 and 9 days post seeding. Typically haematoxylin-eosin staining should show a 
clear blue nueleus evident. In this ease, only the pink-red colour indicating cytoplasm is 
observed in the cross sections making the viewing of individual cells hard to 
differentiate. However, the eosin stain (pink-red) has evidently marked the areas where 
the cells are present while cell-free areas do not show any colour change.
One possible explanation is that the nucleus integrity of the cells was compromised 
during the preparation stage of the slides; it could be due to the heat required for the 
resin curing or the temperature required to fix the samples onto the glass slides, etc. 
However, for the purpose of measuring the cell migration depth, the cytoplasm 
colouring dye is sufficient.
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Figure 6.28: Histo-morphology showing cellular migration through scaffold-S3 (1.78 pm 
fibre diameter and 75% porosity), after (a) 3 days and (b) 9 days in culture
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Figure 6.29: Histo-morphology showing cellular migration through scaffold-S4 (2.47 pm 
fibre diameter and 83% porosity), after (a) 3 days and (b) 9 days in culture.
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As for the measurement of the cell migration depth form the SEM images, the 
haematoxylin-eosin stained section images were analysed using the image analysis 
software JMicroVision: vertical lines were drawn at 30 random locations starting from 
the surface and ending at the bottom of the scaffolds and the red intensity of pixels that 
lie on those lines were recorded as shown in Figure 6.30. The red intensity was used as 
a marker for the availability of cells. Each image was calibrated against the areas 
without cells and any red intensity higher than the non-cell covered area, is considered 
to be covered with cells. The distance of the line covering the region of interest was 
recorded and averaged for the different positions. The distance was then converted from 
pixels into the corresponding length using the scale bar as a reference. The results are 
presented in Figure 6.31 for three scaffolds. The results show that the greatest cell 
migration occurred through scaffold-S4 of the highest porosity, 83%, reaching nearly 
225 pm from the surface by the ninth day in culture. This was followed by scaffold-S3 
of 75% porosity for which the average cellular migration reached 160 pm depth from 
the seeded surface. Scaffold-Sl with the least porosity, 63%, did not show cell 
migration beyond 70 pm from the seeded surface.
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Figure 6.30: Red intensity of a line drawn across a stained cross-section of the scaffold.
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Figure 6.31: Distances of cellular migration from the seeded surface acquired from the 
histology of slices each scaffold viewed under a light microscope.
The results of the cell migration distances measured using the optieal microseope in 
conjunction with the dye, show no significant difference after three days of culture 
between the different scaffolds, with the cell migration distances ranging between 43- 
56pm depth infiltrations, the maximum difference between the samples (13pm) is less 
that the lowest error range of 16pm. The degree of cellular migration in different 
scaffolds is distinguished as the time in eulture progresses. After 6 days, the scaffold-S4 
with the highest porosity allows for cellular migration up to 162 pm from its surface, the 
scaffold-S3 with 75% porosity allows for significantly less migration of cells reaching 
only 126pm from the surface of the scaffold. For the seaffold-Sl the migration distanee 
measured after 6 days (57pm) was not a significant increase from the 48pm depth 
calculated after 3 days considering the standard deviation of 16pm. Finally, for day 9 
scaffold-S4 continuous to demonstrate the best migration properties with cells reaching 
222pm depth, again followed by scaffold-S3 with the recorded migration of 161pm 
from the surface. Scaffold SI showed a further slight increase in the migration distance 
reaehing 74pm after 9 days of culture.
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The trends of cellular migration profiles agree with the measurements of cellular 
proliferation, as well as the migration profiles measured using scanning electron 
microscopy. Scaffolds with lower fibre diameter and porosity seem to limit cellular 
growth, most likely due to the limited nutrient and oxygen transport properties of lower 
porosity scaffolds.
While the trends between migration distances measured using the optical microscopy 
and the SEM are the same, there is a difference in the cellular migration distances 
between the same scaffolds measured. This range could be argued to be within the 
standard error, another explanation could be that the dye has decreased sensitivity in 
areas with lower cellular densities (as would be after a certain depth), whereas the cells 
have been picked up on the scanning electron microscope images. Another hypothesis 
is that any cells that have migrated to this depth but died soon afterwards due to lack of 
nutrients or oxygen can be still contributing to the increased density perceived on the 
SEM (with the exception of scaffold S4 on day 6) images but do not maintain a proper 
cellular morphology for haematoxylin eosin staining. For these reasons both techniques 
are used to validate the mathematical model in chapter 7.
6.4.4 Cellular morphology and migration in static cultures for bi­
directional fibre scaffold design (±45” fibres)
The results in this section describe the cellular behaviour on bi-directional fibrous 
scaffolds with fibre diameter of 2.14±0.35pm, and porosity of 74±8%. The new 
scaffold design is tested for proof of concept, and while the following results do not 
directly influence the current research project, they are included as they demonstrate the 
potential of electrospun scaffolds.
The scaffold’s mechanical strength is a vital requirement for an effective vascular graft. 
One of the suggested methods for increasing the mechanical properties is to create a bi­
directional scaffold whose fibres run at plus and minus 45 degrees around the mandrel. 
The growth of cells on such a scaffold and their morphology is investigated. The 
scaffold was seeded similarly to the previous work and cultured statically. Figures 6.32- 
6.35 show the SEM micrographs of these scaffolds.
The structure of the fibres could be mistaken as random at first glance (Figure 6.32 (a)) 
but a closer look at the fibres show the layered ±45° fibre alignment (Figure 6.32(b)).
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Figure 6.33 (a) shows cellular adherence and alignment visible on the top left comer of 
the image demonstrating the capacity of the cells to adhere on the surface; the top layer 
of the scaffold is at -45° fibre alignment, where the fibres travel from the top left to the 
bottom right, and the cells seem to follow the same directionality as is observed in the 
image. After six days of culture, a sub-confluent layer is visible on the surface (Figure 
6.33 (b)) where the cells again follow the directionality o f the fibres. The bottom side of  
the scaffold after six days is presented in Figure 6.34, where in some areas the cells 
seem to be in the migration process (Figure 6.34 (a)), and even beginning of tissue like- 
formation can be seen in Figure 6.34(b). Finally, a tissue like structure is observed on 
the scaffold after nine days of culture where a ±45” alignment can be very easily visible 
in Figure 6.35.
Good cellular proliferation and migration can be seen for this scaffold design from the 
SEM images of the cellular interaction: tissue like stmcture can be seen easily on both 
sides of the scaffold as soon as day 6, with an incredible morphology by day 9.
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Figures 6.32: SEM micrographs of bi-directional ±45° scaffolds, pre-seeding. 
Scale bar (a) 100pm and (b) 30pm.
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Figures 6.33: SEM micrographs of the bi-directional scaffold: (a) 3 days post seeding 
(scale bar: 100 pm) and (b) 6 days post seeding (scale bar: 200pm).
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Figures 6.34: SEM micrographs of the bi-directional scaffolds, 6 days post seeding viewed 
from un-seeded side (a) scale bar: 80pm and (b) scale bar: 200pm.
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Figure 6.35: SEM micrograph of the bi-directional scaffold, 9 days post seeding, scale bar:
200pm.
6.5 Cellular morphology and proliferation in dynamic culture
Scaffold-S4 that was able to provide the most eellular proliferation and migration in the 
static culture tests was chosen for testing in a dynamic culture condition. Figures 6.36- 
6.38 show the scaffold with average fibre diameter of 2.47 pm and porosity o f 83% 
after 3 and 6 days in a dynamic culture environment.
A dense tissue like structure envelopes the surface of the scaffold after three days of 
culture (Figures 6.36 and 6.37). The bottom side of the scaffold also shows a similar 
structure only after 3 days in culture (Figure 6.37 (b)) and evidence o f tissue growth 
across the depth is also there. Figure 6.38 (a) shows the surface layer of the scaffold 
after 6 days in culture, a very dense layer of cells is visible with only the shadow of the 
fibres still visible. The bottom side of the scaffold shows a similar layer across nearly 
the entire surface, and a small area still maintaining some fibres without the cells 
(Figures 6.38(b)). The cellular proliferation and migration on the scaffold under 
dynamic culture conditions results in the population of the entire scaffold within 6 days 
of culture.
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Figures 6.36: SEM micrographs of cells adhered to the electrospun scaffold (average fibre 
diameter of 2.47 pm and porosity of 83%) cultured in dynamic conditions for 3 days. Both 
Figures are captured from the scaffold’s seeded side, scale bar (a) 90pm, and (b)lOOpm.
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Figure 6.37: SEM micrographs of cells adhered to the electrospun scaffold (average fibre
diameter of 2.47 pm and porosity of 83%) cultured in dynamic conditions for 3 days, (a)
seeded side, scale bar: 300pm, (b) un-seeded side of the scaffold, scale bar: 100pm.
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Figure 6.38: SEM micrographs of cells adhered to the electrospun scaffold (average fibre 
diameter of 2.47 pm and porosity of 83%) cultured in dynamic conditions for 6 days (a) 
seeded side, scale bar: 100pm, and (b) from the un-seeded side of the scaffold, scale
barlmm.
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6.6 Concluding remarks
The cell growth kinematics and the oxygen concentration profiles in a culture flask 
were used to calculate the average consumption of oxygen per cell as 3.67E-14 
moEcell/hour. The average, and the maximum oxygen uptake rate were found to be 
1.112 E-18 and 1.72E-16 moE(cell s) respectively. These results were used to find the 
constants o f the Monod equation used for the mathematical modelling o f the inter­
linked oxygen consumption and cell growth rate in a culture environment. The 
maximum growth rate constant was calculated as 2.51E-5 s '\  and the oxygen 
consumption constant was found to be 9E-16 s '\
The biological characterisation of four electrospun gelatine scaffolds with different 
physical properties allowed for the study of the celEscaffold interaction in terms of 
cellular adhesion, proliferation, viability of the scaffold and the migration of the cells 
within the depth of the scaffolds under investigation. The scaffolds demonstrated their 
ability to host cell life, without any evidence o f cytotoxicity due to the presence of 
glutaraldehyde traces, it may be assumed that the cytotoxicity of the cross-linking agent 
was not an issue and may have been removed after the washing treatment, the cells 
demonstrated good viability when tested with the live/dead fluorescent dye as well as 
the cell metabolism assay tests that found that the cell activity on the scaffolds is 
comparable to the standard polystyrene control flasks. Scanning electron microscopy 
showed the adherence of the cells to the scaffold’s surface as well as the migration of  
the cells across the scaffold’s thickness.
Cellular proliferation and migration were quantified, and the scaffolds were compared, 
which allowed for two conclusions. The first was to determine the optimum scaffolds 
for cellular kinetics, where the larger the fibre diameter and the greater the scaffold 
porosity the better the cells would behave on the scaffold; this seems in direct contrast 
to the mechanical requirement for the scaffolds (lower porosities). The second use of 
quantifying the cellular response is to use the data to validate the mathematical model in 
the computational simulation in chapter 7. The two scaffolds with the best biological 
response have been chosen for that task, which are scaffold-Sl; fibre diameter o f 1.78 
pm with porosity o f 75% and scaffold-S2: fibre diameter 2.47 pm with porosity of 
83%k
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A scaffold was attached to a rotating shaft in a bioreactor with culture medium 
demonstrated that the dynamic conditions were favourable to the cells proliferation and 
resulted in increased cell migration distances. An alternative design of diagonally 
layered electrospun scaffold was also investigated, and it was shown that the cells 
prefer to grow and orientate along the fibre directions under static conditions.
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Chapter 7: Computer 
simulations of the tissue 
engineering of vascular
grafts
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7.1 Introduction
In the previous chapters, the multidisciplinary aspects of tissue engineering research 
have been investigated and discussed. This chapter uses the knowledge and results from 
the previous chapters to predict how human umbilical vein smooth muscle cells behave 
in a tissue culture environment when seeded onto electrospun gelatine fibre scaffolds. 
Chapter 3 presented the proposed mathematical model implemented in a computer code 
which has been used for the computer simulations of the tissue engineering processes 
taking place in the in-vitro fabrication of vascular grafts in a bioreactor. This model 
required to determine the values of various parameters, as they were either system 
specific or not available in the literature. Oxygen diffusion and saturation in cross- 
linked gelatine hydrogels was investigated in chapter 4. The physical and mechanical 
properties of the electrospun scaffolds as a function of the processing parameters in 
electrospinning were investigated in chapter 5. Cell specific parameters, such as cellular 
consumption of oxygen and the attachment constant of the cells on various scaffolds 
when seeded were determined in chapter 6. Hence, the values of the model parameters 
determined in the previous chapters and also some literature parameters were used in 
this chapter in the mathematical model.
Two aspects of the project are discussed in this chapter. The first is the validation of the 
mathematical model and computer code, by comparing the predicted results of two 
scaffolds with different structure and properties against their experimental results in 
terms of cellular dynamics under both static and dynamic cell culture conditions. Both 
total cellular proliferation across the entire scaffold as well as the migration distances 
from the surface of the scaffold have been used to validate the mathematical model. 
This is followed by the optimisation of the structural parameters of the scaffold 
(porosity and fibre diameter), by a process of comparing the predicted cell behaviour, 
and oxygen profiles of different scaffolds, and using the data to construct maps that 
help identify the best scaffold, or range of scaffolds which would lead to the maximum 
cell proliferation, while taking into consideration the oxygen concentration by retaining 
it at a suitable level that maintains cell survival. The scaffold’s mechanical properties 
are taken into account, to facilitate the choice of the optimum structural parameters 
required from a scaffold that allow for the optimum mechanical properties as well as the 
optimum cellular response, which are sometimes in conflict.
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7.2 Model predictions and validation for tissue 
engineering under static conditions
The mathematical model was used to predict the cellular behaviour and oxygen mass
transfer across the two scaffolds selected from the experimental results of chapter 6,
showing the best cell migration and proliferation profiles under static culture
conditions. These are scaffold-S3 and scaffold-S4. The physical properties and
dimensions of scaffolds used for validation of the computational model are catalogued
in table 7.1.
Table 7.1: Parameters inputted into the program for the computer simulations of tissue
engineering in the two test scaffolds
Parameter Units Scaffold-S3 Scaffold- 54
SCAFFOLD PHYSICAL CHARACTERISTICS
Length (L) m l.SOE-02 l.SOE-02
Width (W) m 1.50E-02 1.50E-02
Thickness (H) m 3.25E-06 3.25E-06
Dr/ porosity no units 0 .7 4 0.83
Permeability m^ l.OOE-12 7.00E-12
Dry fibre diam eter m 1.78E-06 2.47E-06
Dry pore Diameter m 4.00E-06 I.IOE-OS
Swell Ratio of scaffo ld  in hydrated conditions % 1200 1200
Oxygen diffusion, saturation, and consum ption
loxygen saturation level in culture medium mol/m^ 0.284 0.284
Oxygen saturation level in gelatin mol/m^ 4.00E-02 4.00E-02
Diffusion coefficient of oxygen in culture medium m^/sec 2.00E-09 2.00E-09
Diffusion coeffic ient of oxygen in gelatin m V sec 1.65E-13 1.65E-13
Diffusion coeffic ient of oxygen across ceils m ^/sec 2.00E-09 2.00E-09 1
Oxygen consum ption rate m o l/cell/sec 9.00E-16 9.00E-16
Culture medium
Viscosity pa.s l.OOE-03 l.OOE-03 1
Cellular Kinetics and culture conditions
Seeding cell concentration cell/m^ or cells/L 2.50E-10 2.50E-10 j
initial volume fraction of scaffo ld  and attached cells no units 0.4 0.4
cell attachm ent constant (percentage of seed ed  cell that adhere to scaffold) % 35 35
cell migration coeffic ient D(x) m V sec 8.00E-28 8.00E-28
cell migration coeffic ien t D(y) m V sec 8.00E-29 8.00E-29
Average cell thickness m 1.45E-06 1.45E-06
Average cell Area m 1.20E-09 1.20E-09
Maximum cell growth constant s-i 2.50E-05 2.50E-05
Cell growth constan t with Monod equation s-i 1.12E-18 1.12E-18
By characterising the scaffolds in terms of their microstructural parameters, such as the 
fibre diameter and porosity, while taking the culture environment into consideration, an 
approximated pore radius of the wet scaffold was calculated by the computer code as 
previously discussed. The calculated pore radius of the wet scaffold served as an 
indication of how many cells can fit through a pore as well as on the fibre surface. The 
J position starts from J=1 in the middle of the average pore, moving to J=JF at the 
average fibre surfaee, and finally ending at J=JTOT at the middle of the average fibre as 
is illustrated in figure 3.2. The distance between two consecutive J ’s, Ay, is the average
i n  A
cell thickness, so that (JF-1) cell layers could fit from the middle of the average pore to 
the surface of the average wet fibre diameter. For example, scaffold-S4 has 9 J positions 
in the average pore fi*om the middle J=1 to the average wet fibre surface JF=9, and 3 
more positions in the fibre to JT0T=12, whilst scaffold-S3 has 2 J positions in the pore 
and 2 more J positions in the fibre.
The results of the computational model can be represented in a three dimensional plot 
(Figures 7.1 and 7.2) that shows a map of the variable of interest, at various positions 
through the scaffold’s depth (i positions from the scaffold surface, i=l at scaffold 
surface, where the distance between two consecutive i’s is 7.22 |im in the presented 
numerical simulations) and at various J positions across the average wet scaffold pore. 
Figures 7.1(a) and (b) show the predicted normalised cell density (i.e. averaged cell area 
fraction) for scaffold-S3 and scaffold-S4, respectively. The 3d curves show the 
averaged cell area fractions from J=1 at the middle of the average pore to j=JF at the 
wet fibre surface.
Scaffold-S3 has a small average pore radius of approximately 2.2 pm after being 
swollen with the culture medium, allowing for a maximum of 2 cell layers across from 
the mid-pore to the fibre surface. The small pore size allows for very fast filling of the 
pores by the cells as is evident by the lack of significant difference in the spatial 
distribution between the 2 J positions in the pore (J=l at mid-pore and J=2=JF at fibre 
surface) for all days in culture as can be seen in figure 7.1 (a). The maximum cell 
migration after 9 days is around 200pm from the scaffold’s seeded surface, after 3 days 
the maximum cell migration is around 120pm and 160pm after 6 days. If taking the 
median normalised cell density of 0.5 as a reference point for a sufficiently filled layer 
to account for cell migration, the distances travelled by the cells are around 85 pm, 130 
pm, and 165pm for 3, 6, and 9 days in culture respectively. The fast rate of cellular 
migration across the scaffold during the first 3 days is reduced, and further increase in 
migration took twice as long, in other words if the rate was linear, the levels of cellular 
migration after 9 days across scaffold-S3 should have been achieved after only 6 days 
in culture, when using the rate of cell migration of the first 3 days. The decline of the 
rate of cellular migration is an indication of the difficulty of cells migrating to deeper 
distances. This decline of the rate of migration is due to the fact that once the pores 
have been filled with cells, this constrains their growth rate according to the empirical
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rule of limiting the cell growth rate due to constraints of overpopulation and complete 
pore coverage proposed in the model in chapter 3.
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Figure 7.1: 3D map of predicted averaged normalised cell density (area fraction) across 
scaffold-S3 (a) (JF=2) and scaffoId-S4 (b) (JF=9) for 3 (red), 6 (green), and 9 (blue) days of
cell culture
In contrast, the cellular spatial distribution across the average pore for scaffold-S4 
shown in figure 7.1 (b) indicates a varied level of normalised cellular densities (area 
fractions) across the J positions over the depth of the scaffold. The larger radius of the 
average wet pore in scaffold-4 of approximately 12 pm allows for 9 J positions in the 
pore or 9 cell layers in the pore for every i position across the depth of the scaffold. The 
spatial distribution of normalised cell density (area fraction of cells) shows how larger 
pores accommodate multiple cells per layer while still maintaining a couple of layers 
empty in the average pore (j=l-2) as close as 20 pm from the surface, even after 9 days 
in culture. This agrees with the results shown in the SEM image of the surface of 
scaffold-S4 in chapter 6 (figure 6.23 (a)) which shows that some of the pores at the top 
surface of the scaffold are indeed still visible after 9 days of cell culture. In comparison, 
the SEM micrograph of scaffold-83 in figure 6.20(b) shows a more densely cell covered 
surface. The two SEM images have been reproduced at the same scale in figure 7.2, in 
order to show the comparison between them more clearly.
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Figure 7.2: SEM micrographs (at the same scale) of the top surface of scaffoId-S3 and
scaffold-S4 after 9 days of cell culture.
As cells grow, their environment changes: the scaffold porosity decreases as more pore 
fraction is taken up by the cells, scaffold permeability drops and the cells populating the 
scaffold consume the oxygen which is finding it more difficult to be conveyed down the 
small pores that are getting smaller. Figure 7.2 shows the oxygen distribution profiles 
across the depth of the scaffolds as the environment changes over the 9 days of cell 
culture.
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Figure 7.3: Predicted oxygen concentration profiles at the centre of average pore (at J=l) 
after 3 (blue), 6 (green), and 9 (red) days of cell culture: (a) scaffold-S3, (b) scaffold-S4
The oxygen concentration is dependent on the distance from the surface where two 
factors come into play, the first is the availability of a fresh supply of oxygen from the
o n e
culture medium on the surface, and the second is the density of the cells consuming the 
available dissolved oxygen. For scaffold-S4, the predicted oxygen concentration after 
100 pm from the surface drops from around 0.14-0.15 mol/m^ after three days of cell 
culture to 0.05-0.08 mol/m^ after 6 days and finally to 0.02-0.045 mol/m^ after 9 days of 
cell culture. Scaffold-S3 shows a much more significant depletion of oxygen 
concentration across its depth, with a concentration of 0.08 mol/m^ after 3 days of cell 
culture beyond 100pm from the surface, 0.015 mol/m^ after 6 days, and zero oxygen 
after 9 days of cell culture for depths over 100 pm.
The better oxygen profiles predicted across scaffold-S-4 compared to S-3, even though 
scaffold-S4 experiences larger cellular migration and proliferation predicted, are most 
likely due to the higher porosity and permeability of the scaffold which allows for 
increased culture medium flow across its depth via Darcy’s flow which also conveys 
the oxygen and other nutrients. The comparatively much larger pores of scaffold-S4 
allow the cells to proliferate down the depth of the scaffold without completely 
blocking the pores, thus still allowing for fluid flow. Scaffold-S3, on the other hand, 
shows zero oxygen concentration after 100pm from the surface of the scaffold because 
its pores have been filled with cells and it does not allow medium flow thereafter. The 
availability of oxygen in deeper depths in scaffold-S4 allows for the increased cellular 
proliferation and migration reported for scaffold-S4.
The limiting concentration of oxygen for cell survival is considered to be 3% of 
atmospheric oxygen (Wheaton, Chandel 2011) which at 40°C is 0.028 mol/m^. The 
predicted oxygen concentrations for scaffold-S4 are lower than this limit at depths 
greater than 160 pm approximately after nine days of culture, but within range for all 
depths after 6 days of culture. The predicted oxygen concentrations for scaffold S-3 are 
completely off the accepted range for both 6 and 9 days in culture beyond 
approximately 70 pm from the surface. Other works have reported the oxygen 
concentration range between 0.00935 and 0.0935 mol/m^ to be moderately hypoxic 
(Goda et al. 2003) rather than limiting, which would mean that there is a chance of 
apoptosis for cells beyond as 75 pm from the surface for scaffold-S4 after 6 days in cell 
culture and also for scaffold-S3 for that depth as early as day 3. The predicted oxygen 
concentrations within the thickness of the scaffold indicate the difficulty of fabricating 
thick vascular grafts, without the additional help of techniques that would supply more
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oxygen to the depth of the scaffold, such as bioreactors or other tissue engineering 
solutions such as angiogenesis. One proposed solution is to implant the scaffold-S4 
after six days of culture, in which case the good cellular proliferation near the surface 
could provide a functioning graft and the perfusion of blood through the graft could 
enable good oxygen supply across the scaffold with the opportunity of angiogenesis in- 
vivo.
Before the computational model and code are used for optimisation studies, they needed 
to be validated against experimental data. Two methods were used for the validation. 
The first method works by linking the total cell number predicted by the computer 
simulation across the entire scaffold, against the normalised MTS assay of the cell 
proliferation across the entire scaffold measured in chapter 6 as a function of the cell 
culture time. The second method compares the predictions with the experimental data 
of the distance covered by cells seeded at the top surface of the scaffold every three 
days measured from the images acquired by both SEM and optical microscopy of 
stained sections. The second technique utilises 10 measurements across the scaffold 
depth in each section, coupled with the use of at least three sections along its width to 
give a total of n=30. The staining and sectioning methods are discussed in chapter 6.
Figure 7.4 shows the results of the first validation technique, the predicted total cell 
number is compared with the experimental result of the normalised MTS assay as a 
function of cell culture time. Scaffold-S3 shows a high degree of agreement between 
the normalised predicted total cell number and the normalised MTS proliferation 
measurements for 3, 6, and 9 days in culture. Scaffold-S4 also shows agreement 
between the predictions and experiment for days 3 and 9 but shows a higher predicted 
total cell number than the MTS acquired value on day 6.
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Figure 7.4: Validation of the mathematical model by comparing the normalised predicted 
total cell number (across all j ’s for all i’s) to the MTS assay normalised total cell 
proliferation for days 3, 6, and 9 (a) for scaffold-83 and (b) for scaffoId-S4.
The second method for model validation compares predictions and experimental data of 
the propagation of the cell front across the depth of the scaffold via cell migration or 
growth. The predicted cell front propagation through the depth of the scaffold was
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based on the definition of the cell front which was taken at a normalised cell density 
(cell area fraction) of 0.5 averaged between the j pore positions of IF and JF-1.
Figures 7.5(a) and (b) show the predicted cell front propagation distances from the 
surface in comparison to the corresponding experimental distances measured using 
images from scanning electron and optical microscopy. The predicted and experimental 
values of the cell front propagation distances covered by the cells seem to be the same 
or very similar for days 6, and 9 for scaffold-S3 and days 3, and 9 for scaffold-S4, 
whereas the line of best fit through the predicted values passing through the origin 
crosses the experimental values on all three days in culture for both scaffolds.
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Figure 7.5: Validation of the mathematical model by comparing the predicted and 
experimental values of the cell front propagation for days 3, 6, and 9 in cell culture for (a)
scaffold-S3 and (b) scaffoId-S4.
What can be observed by comparing the two model validation techniques and their 
corresponding experimental data is that the difference between the experimental results 
and the predictions for scaffold-s4 after 6 days of culture seems to be only in the total 
cell number estimated by the MTS assay rather than the cell front propagation distance, 
with the latter having been determined from different samples using two different 
experimental techniques: SEM of graft sections and optical fluorescent microscopy of 
stained graft sections. One possible explanation could be that the dye used in the MTS 
assay was not able to difflise properly in the samples and thus did not properly react 
with the growing cells, which would explain the lower return value measured on day 6 
for scaffold-S4. Differences between the mathematical model and the experimental 
scaffold also include non-uniform seeding of the scaffolds. Other factors that would 
influence the complex behaviour of the cells and cause variations between the predicted 
and experimental cellular could be associated with a number of conditions that would 
affect cell growth that are not represented in the mathematical model. These may 
include a more complex non-linear model of contact inhibition of cell growth or more 
complex cellular dynamics. For example, research investigating the complex cellular 
proliferation under hypoxic conditions shows that in some hypoxic conditions, a period
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of induced proliferation occurs (Ray et al. 2008). Additionally there may be some other 
biological response that is either not yet fully understood or too complex to model.
It is, however, safe to assume a good validity for the mathematical model for all days of 
the cell culture before cell apoptosis, making the mathematical model and 
corresponding computer code a suitable tool to be used in the optimisation of the 
scaffold for the tissue engineering processes.
7.3 Model optimisation for tissue engineering under 
static conditions
The validated numerical computer code has been employed in parametric tissue 
engineering studies to predict cellular and nutrient profiles across different fibrous 
scaffolds as a function of time. The model was used for scaffolds with a range of fibre 
diameters and porosities. Simulations were run for fibre diameters between 1 pm and 7 
pm and porosity ranging between 72.5% and 90%. These ranges fall within the 
electrospinnable ranges of gelatine meshes and the values are commonly found in the 
literature. In order to assess the predicted cellular behaviour within these scaffolds, the 
results of the cellular proliferation and migration are processed and presented similarly 
to the results of validation studies previously discussed in section 7.2. The total cell 
number is calculated for each scaffold, to represent cellular proliferation. The predicted 
cellular migration is based on the definition of the cell front propagation through the 
depth of the scaffold, taken at a normalised cell density of 0.5 averaged over the j pore 
positions of If and Jf.i.
Every combination of fibre diameter and porosity is simulated within the discussed 
range with the exception of fibre diameters of 1pm to 4pm with the 72.5% porosity, as 
well as 1pm fibre diameter with 75% porosity. The swelling of the fibres with the 
water-based culture medium for these combinations would not leave a pore larger than 
one cell thick to accommodate at least one cell layer, leading to the exclusion of these 
combinations of physical properties.
Figure 7.6 shows a contour plot of the predicted total cellular proliferation, as a total 
cell number across the entire scaffold after nine days of culture for all fibre diameters
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and their corresponding porosities. Figure 7.7 shows a contour plot of the predicted cell 
jfront propagation distance from the seeded surface of the scaffold.
The cellular proliferation across the scaffold shows a direct relationship with respect to 
the porosity, where a higher porosity scaffolds supports more cells after nine days of 
culture compared to a lower porosity scaffold. The total cell number between porosities 
72.5% and 80% is about 5x10^ cells, between porosities 80% and 85% the total cell 
number is approximately 2x10^ cells (nearly quadruples), and further increase of the 
porosity range to 85% and 90% supports a total number of cells between 4x10^ and 
8x10^ depending on fibre diameter.
Fibre diameters also have an effect on the predicted total cellular proliferations. 
Scaffolds with larger fibre diameters support greater cell proliferation. Taking the 
maximum 8x10^ predicted total cell number as an example, the only scaffold with 
porosity of 88% that can maintain such level of cellular proliferation is one with the 
maximum fibre diameter of 7 pm. Scaffolds with the same porosity and fibre diameter 
ranging between 2.5pm and 6.5pm support a maximum of 6x10^ cells after 9 days of 
culture, while those with fibre diameter smaller than 2.5pm support a maximum of 
4x10^ after 9 days.
The fact that the two parameters positively affect the total cell proliferation enables 
production of scaffolds with different physical properties that can maintain the same 
level of cell numbers. Taking 4xl0^cells as an example of cellular proliferation, the 
combination of scaffolds that can support this cell number after 9 days of culture 
include scaffolds with 82%, 85%, and 86% porosities with the respective fibre 
diameters of 7pm, 4pm, and 1pm. Similarly, in the case of maximum cell number of 
6x10^, after 9 days of cell culture, the combination includes porosities 90%, 87.5%, and 
85% with their corresponding fibre diameters of 2pm, 4pm, and 7pm.
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Figure 7.6: Shaded contour plot maps of predicted total cell number across the entire 
scaffold after 9 days of culture for fibre diameters l-7pm and porosities 72.5-90%.
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Figure 7.7: Contour plot of the predicted cell front propagation distance (pm) from the 
seeded surface of the scaffold after 9 days of culture for fibre diameters l-7pm and
porosities 72.5-90%.
However total cellular proliferation is not the only cellular kinetics aspect that is 
essential for optimisation of the tissue engineered graft. Cellular distribution within the 
construct is as essential as the total cell number, and the ability of scaffolds to host cell
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activity deeper within the scaffolds is also critical. Figure 7.7 also indicates a positive 
influence of both porosity and fibre diameter to cell fi"ont propagation distance. The 
combined effect of the of these two parameters allows for a much wider range of choice 
as their predicted effect on the cell front propagation distance seems to be more 
balanced when compared to the effect of these parameters on the predicted total cell 
number. For example to achieve 200pm cell fi-ont propagation distance, the following 
combinations can be used: 73%, 75%, and 85% porosities with the respective fibre 
diameters being 7pm, 4pm, and 2pm.
These simulated results offer a powerful tool of optimising the scaffolds used for tissue 
engineering; they, however, ignore one aspect, the mechanical requirements of vascular 
grafts.
The merit of one cell type seeding is to achieve an ideal vascular component which 
could be then integrated with other technologies to achieve a full vessel. These 
technologies could be the introduction of the tunica intima by seeding the lumen of a 
ftilly formed or maturing tunica media with endothelial cells to reduce the 
thrombogenicity of the graft, or the rolling of fibroblast cell sheets onto the tunica 
media to form a structurally supportive tunica adventitia. However, with the aim of 
producing an optimum tunica media in terms of cell orientation and to better mimic the 
natural component of the native artery tissue, the mechanical properties of the tunica 
media are considered as a reference rather than that of a full artery. Referring back to 
chapter 5, the ultimate tensile strength of a tunica media of an artery is approximately 
0.4 MPa with a Young’s modulus of approximately 0.1 MPa (Holzapfel et al. 2005).
However, setting the requirement of strength of the un-seeded wet scaffold to be 0.4 
MPa and its elastic modulus to 0.1 MPa are higher thresholds than is required, the 
reason being that as the cells proliferate and migrate through the scaffold’s structure the 
overall strength would increase. The effect of insulin and a growth factor (TGF-p) on 
the mechanical properties of tissue engineered vascular tunica media equivalent, grown 
using fibrin and collagen gels and rat smooth muscle cells has been discussed in 
literature, this is typically achieved by looking at the effect of the growth factor and 
insulin on cellular proliferation, as well as the cellular production of collagen 
(extracellular matrix) and the corresponding mechanical properties of the construct. 
(Grassel et al, 2002). While the work of Grassel et al. did not include the mechanical
217
properties of their scaffold before cell seeding, the effect of insulin and the growth 
factor are telling on the effect of the mechanical properties. The addition of Ing/ml 
growth factor alone without insulin increases the ultimate tensile strength by 
approximately an order of magnitude and the scaffolds stiffiiess increases nearly eight 
times. Addition of 2pg/ml of insulin raises the ultimate tensile strength 18 times and the 
elastic modulus nearly 20 times (Grassl, Oegema & Tranquillo 2003). While in this 
work the TGF-P growth factor is not used, the media supplement did use human basic 
fibroblast growth factor and human epidermal growth factor, as well as insulin in the 
media supplement. The effect of these growth factors and insulin on the tissue 
engineered tunica media equivalent is what is relevant fi-om a mechanical point of view, 
increased production of collagen and cellular proliferation.
Similarly, constructed collagen vascular tunica media alternative using rat SMCs and 
collagen gel experienced an increase of 69% in the ultimate tensile strength after 8 days 
of culture compared to 4 days of culture in static conditions and an increase of 66% of 
the elastic modulus between the same period of cell culture (Seliktar et al. 2000). These 
methods of tissue engineering were fundamentally different to the one used in this work 
as their entire media replacement is gelled with the cells together rather than using a 
fibrous construct; also there was the lack of cross-linking, even though the materials 
used are in close comparison.
The mechanical properties of fibrous scaffolds that incorporate seeded cells have been 
researched in literature, one such research study by Selim et al, investigating the 
mechanical properties of electrospun PLGA scaffolds before and after being seeded 
with Keratinocyte and fibroblast cells. The findings demonstrated that the un-seeded 
scaffold had an ultimate tensile stress of 1.42x10^ N/m^, compared to the fibroblast 
seeded scaffold with 3.39x10^ N/m^ (238% increase), 1.92x10^ N/m^ (135% increase) 
with kératinocytes, and 2.62x10^ N/m^ when both cell types were cultured (184% 
increase) (Selim et al. 2011). The effect of seeding was the reduction of the elasticity of 
PLGA scaffolds where the Young’s modulus dropped from 3.22MPa to 2.39MPa after 
fibroblast seeding (134% decrease) (Selim et al. 2011).
Research on cross-linked collagen from porcine dermal tissue tested before and after 7 
days of seeding of human adipose stem cells yielded that the ultimate tensile stress 
increased to 1.724 MPa for the seeded scaffold from 1.2 MPa for the un-seeded scaffold
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(143% increase), the ultimate stress when transversally strained increased from 1.587 
MPa for un-seeded scaffolds to 3.740MPa for seeded scaffolds (235% increase) (Ochoa 
et al. 2011).
From these works, the average expected increase of ultimate stress is approximated to a 
200% increase after successful cell culture. Using this approximation, an ultimate 
tensile strength of 0.2MPa would be sufficient for the un-seeded scaffolds, however, for 
the sake of reducing the possible margin of error a more stringent 0.25MPa ultimate 
stress limit for un-seeded scaffolds has been chosen.
Using the newly set limit of ultimate tensile strength to assess the scaffolds that are 
suitable for use as vascular tunica media replacement as well as the mechanical 
characterisation of the scaffolds discussed in chapter 5, all electrospinnable scaffolds 
with porosities smaller than 80% can be considered, as well as all fibre diameters below 
5 pm.
With regards to the scaffold’s elasticity, if the Young’s modulus value of 0.1 MPa is set 
as the value limit for elasticity the available options would be significantly restricted to 
only scaffolds with fibre diameter of over 5 pm. While this agrees with good 
proliferation rates it pushes the limit on scaffold strength. As was previously discussed 
in chapter 5, whole arteries generally have a much higher stiffiiess. For the total artery 
Young’s modulus is dependent on the type of artery: for example for the coronary 
artery, “the benchmark of small calibre vessels”, its Young’s modulus as a whole is in 
the range of 1.06-4.11 MPa (Ozolanta et al. 1998), which allows for a wider range of 
grafts. Also previous successful grafts have a Young’s modulus range of 0.4-1.2 MPa 
due to the requirement for the graft to be easily handled by a surgeon. Using a 
compromise of 0.5MPa as the maximum stiffiiess rather than 0.1 MPa means that 
scaffolds with fibre diameters below 2pm are ignored as well as all porosities below 
72.5%.
This leaves a final range of scaffolds with 2-5 pm fibre diameters and scaffolds with 
porosities between 72.5% and 80%. When selecting an optimum combination of 
physical properties from these ranges, the new optimisation maps in figure 7.8 show the 
predicted results from the respective computer simulations of these parametric studies.
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Figure 7.8: Contour plots of (a) the predicted total cellular number across the whole 
scaffold, (b) cell front propagation distance from the seeded surface of the scaffold (pm), 
and (c) maximum distance from the surface of the scaffold that maintains the minimum 
oxygen concentration (0.028 mol/m^), after 9 days of culture for scaffolds that are 
mechanically able to withstand physiological conditions, fibre diameters 2-5pm and
porosities 72.5-80%.
The highest porosity and the largest fibre diameter are the obvious parameter choices as 
they produce the maximum cellular proliferation (2.6x10^ cells) and greatest cell front 
propagation distances (215pm). As well as being the scaffolds with the largest cell 
propagation depth from the surface, they maintain the minimum required concentration 
of oxygen only up to an average distance of 110pm from the surface. The physical 
parameters that produce these results are between 4-5 pm fibre diameters with porosities 
between 77-80%. The mechanical properties of a scaffold with these physical properties 
include an ultimate tensile strength of 0.25MPa and a Young’s modulus of 0.2 MPa: the 
resulting scaffold would have the ideal elasticity but its strength is just on the 
boundaries of the accepted minimum. Using the mechanical characterisation maps from 
chapter 5, a midway mechanical properties compromise of Young’s modulus in the
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range of 0.3-0.4MPa and ultimate tensile strength of 0.3-0.5 MPa would mean a fibre 
diameter range of 2pm to 3.5pm with a porosity range between 73% and 77%. The 
optimum combination in regards to cellular response and oxygen mass transfer would 
be a scaffold with 3.5pm fibre diameter and porosity of 77%, the resulting scaffold will 
have a total cell number of 2x10^, a cell front propagation distance of nearly 200pm, 
with the first 100pm from the surface maintaining the required oxygen concentration 
minimum.
Assuming symmetry, if a scaffold is seeded from both sides, a scaffold of 0.4mm 
thickness can be cultured in-vitro under static conditions and be fully populated after 9 
days of culture; the main drawback of such a system is the fact that after 9 days, cells 
over 100 pm distance from the surface would have difficulty surviving due to the 
reduced oxygen concentrations. One solution is to grow the scaffolds for only 6 days of 
culture in-vitro before being transplanted. This would allow perfusing blood in-vivo to 
deliver more oxygen to the cells as well as allow the scaffold to start remodelling its 
extra cellular matrix support in-vivo. Figure 7.9 shows the predicted cellular 
proliferation, cell front propagation distance as well as the distance from the surface 
that maintains the minimum required oxygen concentration after 6 days of static cell 
culture.
If the same scaffold of 3.5pm fibre diameter and 77% porosity is chosen, the resulting 
total cell number is 1.5x10^, with the cell front propagation distance being just under 
160pm, the minimum oxygen concentration will be available for all depths over 200pm 
meaning all growing cells would have sufficient oxygen to survive. This means that if 
symmetry is assumed and the scaffold is seeded from both sides, a final scaffold of 
thickness of nearly 0.32mm can be produced in a static culture after 6 days. The entire 
wall thickness of a typical coronary artery is 0.6mm (calculated from the cross-sectional 
area of coronary arteries from a male population aged 35-54 years) (Leung, Stadius & 
Alderman 1991), and because the thickness of the tunica media lies in the range 
between 0.2 and 0.3mm (Waheed Ullah, Qamar & Butt 2012), this means that the 
selected scaffold has the potential of becoming a vascular tunica media replacement for 
such a vessel. Multiple layers can be developed separately, meaning a tubular scaffold 
with a slightly larger lumen can accommodate another in-vitro grown tubular scaffold 
to develop a fully functional coronary replacement. An estimate electrospinning input
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parameter can be determined using the characterisation charts of chapter 5 for this 
optimum scaffold. A 15% gelatine/TFE solution can be fed through the nozzle at a 
speed of 5ml/hr with an applied voltage of 27.5KV. A maximum rotation speed for the 
collector with an average electrospinning distance of 25cm should be sufficient in 
maintain the fibre alignment.
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Figure 7.9: Contour plots of (a) the predicted total cellular proliferation, (b) cell front 
propagation distance (pm) from the seeded surface of the scaffold, and (c) maximum 
distance from the surface of the scaffold that maintains the minimum oxygen 
concentration (0.028 mol/m^), after 6 days of culture for scaffolds that are mechanically 
able to withstand physiological conditions, fibre diameters 2-5pm and porosities 72.5-
80%.
7.4 Model predictions and validation for tissue 
engineering under dynamic conditions
The case-study considered for the tissue engineering of a vascular graft under dynamic 
conditions involves the dynamic bioreactor in the experimental study of chapter 6, 
figure 6.2, in which the tubular scaffold, seeded with SMCs on its outer surface, 
surrounds a rotating shaft and rotates with the shaft at 60 rpm (as in section 6.2) while 
the assembly is immersed in the culture medium in a cylindrical container. In this 
dynamic rotating bioreactor the scaffold is subjected to a rotational velocity on its 
surface as well as centrifugal induced velocity across its thickness. These should 
facilitate higher levels of cellular proliferation and migration as well as provide 
increased oxygen mass transfer. The computer code was updated to add the perfusion of
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culture medium (with the dissolved oxygen) through the scaffold due to Darcy’s flow 
under a centrifugal pressure drop described by equation (3.5). Furthermore, the cell 
migration coefficient through the scaffold thickness, D(x), was increased 40 times that 
under static conditions to D(x) = 320x10'^^ m^s'\ to take into account the enhancement 
of cell migration due to the increased shear forces of Darcy’s flow through the scaffold 
and the centrifugal forces. In fact, the value of D(x) under dynamic conditions was 
changed to reach the best value at which the model predictions fitted the experimental 
data of cell density in the model validation study of this section. Scaffold-S4 was 
selected from the scaffolds tested in static conditions for use in further study under 
dynamic tissue engineering conditions, as it showed the highest level of cellular 
proliferation and migration. Scanning electron microscopy images of the scaffold 
grown in the rotating bioreactor (chapter 6) were used to calculate the area fraction of 
the tubular scaffold’s outer (seeded) and inner (un-seeded) surface populated by cells. 
Growth of cells on the un-seeded surface is of proof of cellular migration and 
proliferation across the entire thickness of the scaffold (325pm). The structural 
parameters and physical properties of scaffold-S4 catalogued in table 7.2 with an 
updated cellular migration coefficient of 320x10^^ m^ s"^  were used as the input 
parameters for the dynamic model.
Figure 7.10 shows the predicted total cellular proliferation and the oxygen 
concentrations across the depth of the scaffold as a function of cell culture time. The 
total cell number grown on the scaffold in dynamic conditions is predicted to be 
significantly higher than that grown in static culture with a difference of an order of 
magnitude. However, this does not seem to completely limit the oxygen concentration 
across the scaffold’s depth as can be seen from figure 7.10 (b), where for all six days 
across all depths the limit of oxygen does do not fall below the minimum required 
oxygen concentration. The relatively high levels of oxygen concentration are due to the 
additional fluid perfiision due to the centrifugal forces. The increased cellular 
proliferation is due to the increased oxygen levels contributing to cell growth as well as 
the increased value of the cell migration coefficient D(x) also justified by the centrifugal 
force and, hence, increased shear stress of Darcy’s flow. In order to validate the 
computational model under dynamic conditions, the area fraction of the scaffold’s front 
and back surfaces covered with cells quantified using the SEM images is compared 
with the normalised predicted cell density at these positions. Figure 7.11 shows a
comparison between the predicted and experimental normalised volume fraction 
percentage on the front (outer) and back (inner) surfaces of the tubular scaffold, for 
days 3 and 6 in culture.
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Figure 7.10: Predicted results of (a) total cellular proliferation across the scaffold and (b) 
the oxygen concentration profiles, as a function of time for up to 6 days in culture under
dynamic conditions.
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Figure 7.11: Comparison between predictions and experimental data from SEM images of 
the area fraction of the scaffold surface covered by cells after 3 and 6 days of culture 
under dynamic conditions for (a) the front (outer) and (b) the back (inner) surface of the
tubular scaffold.
Figure 7.11 demonstrates the excellent agreement between the predictions and the 
experimental data of the percentage of the scaffold’s surface covered by cells, for both 
the outer and the inner surfaces of the tubular scaffold, after 3 and 6 days in dynamic
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culture conditions. This validation allows for the model to be used to predict the cellular 
behaviour and oxygen mass transfer through the scaffold, in a dynamic environment.
7.5 Model optimisation for tissue engineering under 
dynamic conditions
Using the validated computational model, for the same dynamic conditions (tubular 
scaffold rotating at 60 rpm), computer simulations were conducted to predict the 
behaviour of the scaffolds with the porosity range that can withstand the mechanical 
requirements ( e  = 72.5%-80%) of the physiological conditions in arteries, with a 
median fibre diameter of 3.5pm (table 7.2). Figures 6.12 - 6.15 display the predicted 
cellular proliferation, percentage of front (outer) and back (inner) scaffold surface 
covered by cells, and the oxygen concentration profiles across the depth of the scaffolds 
D1-D4 as a function of cell culture.
Table 7.2: List of the structural parameters of scaffolds used in computer simulations of 
tissue engineering under dynamic conditions
Scaffold-Dl Scaffold-D2 Scaffold-D3 Scaffold-D4
Fibre diameter (pm) 3.5 3.5 3.5 3.5
Porosity (%) 7Z5 75 77.5 80
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Figure 7.12: Predicted results of (a) total cellular proliferation across the scaffold, (b) 
percentage of front (outer) and back (inner) scaffold surface covered by cells and (c) the 
oxygen concentration profiles, for days 1-6 in dynamic culture, for scaffold-Dl.
The results for seaffold-Dl predict a high cellular proliferation as shown in figure 7.12
(a), where as early as after one day in dynamic culture a total cell number of 
approximately 8x10^ cells is predicted, which is nearly the maximum cell number after 
9 days of static culture. A total cell number of 1x10^ is predicted after two days of 
dynamic culture, reaching approximately 1.25x10^ cells after 6 days. This high level of 
cellular proliferation is due to the increased cellular migration across the entire 
thickness of the scaffold, where the back (inner) surface is nearly half covered by the 
second day of culture and completely covered by the third day (figure 7.12 (b)); the 
front (outer) surface of scaffold, initially seeded, has been totally covered with the cells 
by day one of culture. This fast population of the scaffold by the cells coupled with the 
low porosity of the scaffold which blocks all oxygen after 100 pm from the surface as 
soon as after two days in culture, makes scaffold-Dl unsuitable for use as a graft 
option.
Figure 7.13 shows the results for scaffold-D2. The more porous scaffold allows more 
space for higher cellular proliferation where after 1 day the total cell number is 
approximately 1.5x10^ cells and doubles by day five to 3x10^ cells, the seeded (front- 
outer) side of the scaffold is completely covered by the second day and cellular
proliferation is evident across the entire thickness, where 5% of the back (inner) surface 
is covered by cells after 1 day in culture, and by the second day 80% of the back surface 
is covered indicating a nearly totally populated scaffold. The scaffold reaches the 
minimum required level of oxygen concentration beyond the first 100 pm from the front 
(outer surface) after the second day of culture. For this scaffold to achieve total volume 
population while maintaining the minimum required oxygen for cell survival, the 
scaffold should be maintained for two days in culture before being implanted, but the 
completely blocked scaffold might not be able to support the cells beyond 100 pm from 
the outer surface.
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Figure 7.13: Predicted results of (a) total cellular proliferation across the scaffold, (b) 
percentage of front (outer) and back (inner) surfaces covered by cells, and (c) the oxygen 
concentration profiles, for days 1-6 in dynamic culture, for scaffold-D2.
Figure 7.14 shows the behaviour of scaffold-D3. Similarly the scaffold of greater 
porosity under dynamic conditions allows for an even higher total cell number across 
the scaffold, with nearly 2x10^ cells after one day in culture, doubling to 4x10^ cells by
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the second day, and reaching 6x10^ cells after 6 days of culture. Nearly 40% of the front 
surface (seeded outer surface) of the scaffold is covered by the first day of culture, with 
40% of the back surface (inner surface) nearly covered by the second day of culture. 
Both surfaces are full by the third day of culture indicating a fully populated scaffold by 
the third day.
While by the third day of culture the oxygen profile across the scaffold’s depth is still 
slightly above the minimum required level of oxygen concentration, level of cellular 
proliferation is optimum between days 2 and 3, making a culture duration of about 2.5 
days the best time for scaffold-D3 to be in culture under dynamic conditions before 
been implanted, so that it still maintains a considerable level of oxygen concentration 
across the whole scaffold after implantation.
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Figure 7.14: Predicted results of (a) total cellular proliferation across the scaffold, (b) 
percentage of front (outer) and back (inner) surfaces covered by cells, and (c) the oxygen 
concentration profiles, for days 1-6 in dynamic culture, for scaffold-D3.
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Finally, scaffold-D4 (figure 6.15) shows the highest level of cellular proliferation with 
the total cell number between 3x10^ and 8x10^ between days 1 and 6 in culture. The 
high porosity scaffold takes longer for all the pores to be blocked, with the front (outer) 
surfaee taking three days before being entirely covered with eells, and 4 days for the 
back side to be completely covered with cells. The oxygen eoncentration profiles are 
higher for all days than the required minimum concentration of 0.028moFm^.
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Figure 7.15: Predicted results of (a) total cellular proliferation across the scaffold, (b) 
percentage of front (outer) and back (inner) surfaces covered by cells, and (c) the oxygen 
concentration profiles, for days 1-6 in dynamic culture, for scaffold-D4.
While scaffold-D4 shows the best promise as a vascular graft in terms of the total 
cellular proliferation and the oxygen eoncentration profiles, the highest porosity 
scaffold would be pushing the limit on the required strength. Thus the scaffold with 
77.5% porosity is suggested in dynamic culture between 2 and 3 days to produce the 
optimum tissue engineered vascular graft.
7.6 Concluding remarks
Computer simulations of the tissue engineering processes in a scaffold to be utilised as 
a vascular graft were carried out in this chapter under both static and dynamic 
conditions. The mathematical model utilised the structural parameters and physieal 
properties of the electrospun scaffolds, the quantified cellular dynamics, oxygen 
diffusion through the gelatine fibres, as well as oxygen eonsumption by the cells, in 
order to predict the cellular dynamics and nutrient mass transfer across the scaffold. 
Oxygen represented the main nutrient as is considered critical in the survival of cells. 
The model was validated using experimental quantification of the cellular proliferation 
under both static and dynamic conditions. The validated model was used to choose the 
optimum structural parameters (porosity and fibre diameter) for a scaffold to be used in
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in-vitro tissue engineering of a vascular graft. Both static and dynamic culture would 
benefit from a scaffold of 3.5pm fibre diameter and 77% porosity, which maintains the 
required mechanical strength and elasticity that can withstand the physiological 
conditions encountered upon in-vivo implantation. Dynamic conditions proved to be 
more efficient at producing the required scaffold, as dynamically cultured scaffolds 
exhibited greater cellular proliferation as well as higher levels of oxygen profiles across 
their depth.
The optimum structural parameters of the electro spun gelatine scaffolds can be linked 
to the fabrication input parameters required to produce them. Using a 15% gelatine/TFE 
solution fed through a nozzle at a speed of 5ml/hr with an applied voltage of 27.5KV 
would produce the optimum scaffold. The produced scaffold would have a Young’s 
modulus ranging between 0.3 and 0.4 MPa, and an ultimate tensile strength between 0.3 
and 0.5MPa. Using a static culture solution the seaffold has to be cultured for a period 
of 6 days before implantation. A more densely populated scaffold with nearly double 
cellular migration can be achieved, while also maintaining the minimum required 
oxygen concentration, if the scaffold is cultured for 2-3 days under dynamic conditions.
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Chapter 8: conclusions 
and future work
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8.1 Discussion and conclusions
The work has set out to design, fabricate, characterise and optimise a small diameter 
tissue engineered vascular graft. A study of the available systems and tissue engineering 
research in vascular grafts has shown that the available techniques followed with 
vascular tissue engineering often used an ad hoc method to try to find a suitable system, 
in contrast with more recent, systematic approaches for the tissue engineering of bone 
and cartilage tissue. The goal in this study was to fabricate a scaffold and a vascular 
graft mimicking the composition, architecture and properties of natural arteries. Given 
that collagen is the main fibre material of the arterial ECM, gelatine was the selected 
material for the scaffolds, as it is a low cost collagen substitute, with amino acid 
structure very close to that of collagen. The focus in this study was to fabricate a 
substitute mimicking the tunica media of an artery, which is the main layer in the artery 
wall. Hence, gelatine was dissolved, electrospun into a fibrous scaffold, and 
subsequently cross-linked to avoid being dissolved in water. Smooth muscle cells 
(SMCs) were seeded on one side of the scaffold and left in a culture medium under 
static or dynamic conditions to migrate through the scaffold and proliferate. Studies of 
the arteries in the literature (Ghazanfari et al. 2012) have shown that the SMCs are 
oriented circumferentially, and contributed to the arterial functions of constriction and 
dilatation. For relatively small diameter arteries, collagen fibres in the tunica media 
were found to be also in the circumferential direction (Ghazanfari et al. 2012) with an 
outer layer of axially oriented fibres between the tunica media and the tunica adventitia.
The expensive, complex, and time demanding nature of tissue engineering has favoured 
the use of a mathematical method that would be able to predict the cellular dynamics 
and mass transfer of nutrients across the changing environment of the scaffold. A 
mathematical model of the processes during the tissue engineering of vascular grafts 
based on fibre scaffolds was developed for both a static and dynamic culture medium 
containing smooth muscle cells and nutrients. The proposed model was a transient, 
continuum two-phase model with volume-averaged equations for the flow, transport of 
nutrients and cell transport. Darcy’s law has been employed to describe the flow of the 
culture medium through the scaffold, with a new pressure drop across a rotating 
scaffold in a bioreactor with dynamic culture conditions. The main nutrient considered 
in the mathematical model was oxygen, although similar transport equations can be
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considered for any nutrient. Oxygen transport through the scaffold is based on perfusion 
(convection) due to Darcy’s flow of the culture medium, diffiision through different 
phases, and oxygen consumption by the cells. The cell transport includes cell adhesion, 
cell migration, cell growth and death. A novel grid was constructed (figure 3.2) to 
represent the volume-averaged phase domains, with the x-direction along the scaffold 
thickness and the y-direction from the centre of the volume-averaged pore to the fibre. 
The novel grid scheme has been linked with the cell layers, starting from the cell layer 
on the fibre, and the cell fraction at each layer. A numerical procedure was then 
suggested based on the finite volume/finite difference technique. The dynamic 
environment was modelled by a changing cell concentration at each cell layer, where 
the cell fraction at each layer reaches 1 that layer stops growing, and then the next layer 
in the pore starts growing. In this manner, the fibre diameter (or diameter of solid 
phase) increases to take into account the next adhered cell layer, whereas the pore size 
decreases, and the porosity and permeability decrease. At each time step at the end of 
the numerical solution, the distribution of the structural parameters of the scaffold-graft 
and its permeability distribution are updated. The numerical model was implemented 
into a computer code. The next task was to determine all the input parameters required 
for the computational model, during the experimental characterisation of the fabricated 
scaffolds, tissue engineered grafts, and cell growth.
Gelatine was chosen as the material of choice for the graft after a survey of suitable 
biomaterials due to its versatility, biocompatibility and because of its natural existence 
within the structure of extra cellular matrix, thus cells naturally favour the attachment to 
such a material. Gelatine hydrogel cross-linking using glutaraldehyde was optimised by 
using swelling and gelatine dissolution tests. Soaking gelatine hydrogels in 1 or 2 %w/v 
glutaraldehyde solutions for 2h of cross-linking time was found to be the ideal cross- 
linking procedure. In both cases, after the initial swelling of the gels in water during the 
first day (in fact first 30 min), there was no change in weight for 9 days tested.
Oxygen transport is the limiting factor to vascular tissue engineering; a literature survey 
on the oxygen transport within hydrogels highlighted that the values of oxygen 
diffusion within gelatine in the literature seemed to be ambiguous and varied. The 
diffusion coefficient seemed to rely on the physical state of the gelatine in which it was 
measured, which would vary wildly between different applications. From this
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observation, it was determined that additional investigation of the system is needed. The 
work set out to independently identify the value of oxygen diffusion coefficient in fully 
hydrated gelatine, as well as the mass transfer of oxygen through a boundary of gelatine 
gel and an aqueous solution.
A non-invasive system technique, utilising the energy transfer between the fluorophore 
(tris (4, 7-diphenyl-1, 10-phenanthroline) ruthenium (H) dichloride complex) and 
oxygen and the resulting change of colour, was proposed to determine the oxygen 
concentration profiles as a function of time across the semi-transparent cross-linked and 
un-cross-linked gelatine hydrogels. The fluorophore was dissolved into gelatine gels 
and water bodies, and the colour intensity of the fluorophore under oxygen diffusion 
through the gel and/or water was monitored using a camera in conjunction with image 
processing. The technique proved stable against fluorescence loss due to 
photobleaching. Two mathematical models simulating species diffusion through the gel 
and two different mass transfer models across the gel-fluid interface were proposed to 
fit the oxygen concentration curves to the experimental data of oxygen concentration 
measured using the fluorescence quenching technique. The models were used to 
validate the system against the well-researched unsteady-state oxygen diffusion 
coefficient in water of 2x10'^ cm^s'\ The diffusion coefficient of oxygen in uncross­
linked gelatine was determined as 0.75x10’^  cm^s'\ and its mass transfer coefficient 
from water into uncross-linked gelatine was determined as 2.9x10'^ cm s '\  Scanning 
electron microscopy of the freeze-dried un-cross-linked gelatine gels revealed a densely 
packed, homogeneous, tubular structure with 3 pm diameter tubules; the tubular 
structures were perpendicular to the hydrogel’s surface. SEM images of freeze dried 
cross-linked gelatine using 1 and 1.5% w/v glutaraldehyde for 2 hours showed a highly 
cross-linked hydrogel surface, which contributed to lowering the oxygen mass transfer 
coefficient to 5.5x10'^ cm s'^  and 2x10^ cm s'^  when the gelatine was cross-linked with 
1 and 1.5% glutaraldehyde, respectively. The cross-linking induced shrinkage and 
internal stress within the hydrogel’s structure creating large free spaces which caused 
multiscale diffusion and accelerated the overall diffusion coefficient to 3.5x10'^ cm^s'  ^
and 7x10'^ cm^s'  ^ for cross-linking of gelatine in 1 and 1.5%w/v glutaraldehyde, 
respectively. Cheema et al. mentioned that such values fall within the range of oxygen 
diffusion coefficient in native intestinal submucosa, which seems acceptable for the 
arterial wall as well (Cheema et al. 2012).
241
For the fabrication of a porous fibrous scaffold the versatile drawing of fibres through 
polymer solutions using electrospinning was chosen, a technique whose versatility is in 
producing scaffolds of a large range of physical and mechanical characteristics on 
demand. A particular electrospinning set-up was developed to allow for the fabrication 
of scaffolds with aligned fibres. The gelatine fibres were cross-linked using 
glutaraldehyde vapour, and the level of cross-linking was studied as a function of the 
concentration of the glutaraldehyde solution used and the time of treatment. An 
optimum cross-linking treatment has been chosen using 10% w/v glutaraldehyde in 
water for a period of two hours. The treatment achieved the same level of cross-linking 
(in terms of the extent of swelling of cross-linked material in water) as that achieved in 
the gels used in the oxygen diffusion studies, with liquid cross-linking for the gels 
instead of vapour cross-linking for the fibre scaffolds.
The produced scaffolds were characterised physically in terms of fibre diameter, fibre 
alignment, scaffold porosity, pore diameter and scaffold permeability. These features 
were linked to the parameters of the fabrication technique to allow for protocols for the 
fabrication of a specifically tailored scaffold when required.
The mechanical properties of the wet scaffolds were compared to natural arteries as 
well as commercially available grafts to select the scaffolds with similar mechanical 
properties. This was found for scaffolds with fibre diameters in the range of 2-5pm and 
porosities in the range of 0.7 - 0.8. These scaffolds in the wet state had similar Young’s 
modulus in the axial and circumferential direction in the range of 0.1-0.6 MPa, and a 
tensile strength of 0.4-1.1 MPa in the circumferential direction and 0.3-0.5 MPa in the 
axial direction. Holzapfel et al. have estimated a Young’s modulus of 0.1 MPa in the 
circumferential direction and 0.066 MPa in the axial direction for the tunica media of 
the coronary artery, although this rises to 1-4 MPa for the coronary artery as a whole 
(Holzapfel, Gasser & Ogden 2000). Other works also reported a tensile strength of 0.5 
MPa in the circumferential direction and 0.4 MPa in the axial direction for the tunica 
media of the coronary artery, which rises to 1.4 and 1.3 MPa, respectively, for the 
tunica adventitia of the coronary artery works (Ozolanta et al. 1998, Holzapfel et al. 
2005). When SMCs are incorporated in the scaffold, a greater stiffness is expected. 
Stiffiiess and strength in the axial direction of the scaffold may be increased by 
electrospinning an outer layer of fibres in the axial direction and another one in the
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circumferential direction, mimicking the tunica adventitia (see figure 2.6). Suture 
retention capabilities of the wet scaffolds were also investigated showing comparable 
results to that of natural veins currently used for coronary artery grafts and above the 
surgically required minimum.
Four scaffolds with a range of structural parameters were chosen for biological 
characterisation. Two scaffolds shared a low porosity of approximately 64% with 
different fibre diameters between the scaffolds, one with a small fibre diameter of
0.97pm and the other with a medium fibre diameter ofl.47pm. A third scaffold with a 
fibre diameter in the medium range (1.78pm) was selected with a medium porosity of 
75%. Finally to complete the range, the last scaffold chosen for biological 
characterisation was one with a large fibre diameter (2.47pm) and a high porosity of 
83%.
The fabricated scaffolds were then seeded with human umbilical vein smooth muscle 
cells and cultured in both static and dynamic culture conditions. The experiments 
established the biocompatibility of the scaffolds in terms of cellular adherence, 
proliferation and migration. Scaffolds of various structural parameters and physical 
properties were investigated and compared in terms of the cellular behaviour using a 
number of biological investigative techniques, including MTS assay, SEM of their 
surface and cross-sections, fluorescent mieroscopy for live/dead viability testing and 
histo-morphology.
With regards to the human umbilical vein smooth muscle cells used in this study, the 
cell growth kinematics and the oxygen concentration profiles of the culture medium 
were measured for cells growing in the culture medium in a culture flask. The oxygen 
consumption constant in the oxygen consumption model was determined as 9x10'^^ s"\ 
The experimental data of cell growth as a function of oxygen concentration and cell 
concentration fitted the Monod model. The average oxygen consumption rate constant 
per cell was determined as 3.671x10'^^ mol/cell/hour. The average and the maximum 
oxygen uptake rate were found to be 1.112 xlO'^^ and 1.72x10'^^ mol/(cell s) 
respectively. The maximum growth rate constant was calculated as 2.51x10'^ s'\. The 
four selected electrospun scaffolds were used after sterilisation and cell seeding in static 
conditions to study cell/scaffold interaction in terms of cellular adhesion, proliferation.
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viability of the scaffold and the migration of the cells within the depth of these 
scaffolds.
The scaffolds demonstrated their ability to host cell life, without any evidence of 
cytotoxicity due to the presence of glutaraldehyde traces as the cells demonstrated good 
viability when tested with the live/dead fluorescent dye, as well as the cell metabolism 
activity tests that found cell activity in the scaffolds comparable to standard polystyrene 
control flasks. Scanning electron microscopy showed the adherence of the cells to the 
scaffolds surface as well as the migration of the cells across the scaffold’s thickness. 
Scaffolds with larger fibre diameter and greater porosities showed better proliferation 
and migration; this is found to be in direct contrast to the mechanical performance 
requirement for the scaffolds (smaller porosities).
An alternative scaffold design of diagonally layered electrospun fibres in two fibre 
layers at ±45° was also biologically investigated, and it was shown that the cells prefer 
to grow and orientate along the fibre directions under static conditions.
Dynamic culture conditions in the form of a scaffold attached to a rotating shaft in a 
bioreactor with culture medium were favourable to the cells proliferation and resulted in 
increased cell migration distances, in much shorter time, than under static conditions.
The two scaffolds with the best biological response under static cell culture were 
scaffold-S3: fibre diameter of 1.78 pm and porosity of 75%, and scaffold-S4 with fibre 
diameter 2.47 pm and porosity of 83%. The quantified cellular response on these 
scaffolds was used to validate the mathematical model.
Finally, the mathematical model and corresponding computer code were fed the 
required input parameters gathered in this work or from literature. The model was 
validated successfully for both static and dynamic culture conditions against the results 
of the scaffold’s biological characterisation. The validated model was then used to 
predict the total cellular proliferation, the cell front propagation distance, surface 
volume fraction of cells, as well as the spatial oxygen concentration profiles across the 
depth of various scaffolds with a range of structural parameters and physical properties. 
The optimum scaffold with fibre diameter of 3.5pm and 77% porosity was chosen as 
the scaffold with the highest level of cellular proliferation, the selected scaffold 
properties are still within the limits of the mechanical requirements for static culture
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conditions. Similar results with the same optimum scaffolds were obtained for the 
dynamic culture conditions. The electrospinning parameters required to produce this 
scaffold were estimated from the scaffold characterisation curves of chapter 5: A 15% 
gelatine/TFE solution can be fed through the nozzle at a speed of 5ml/hr with an 
applied voltage of 27.5kV to fabricate the optimum scaffold of 77% porosity and 3 mm 
fibre diameter.
In the meanwhile, tissue engineering under dynamic conditions with a rotation speed of 
60 rpm of the tubular scaffold of 325 mm average wall thickness, produces an optimum 
graft within 2.2 days in the cell culture, corresponding to cell coverage of about 90% on 
the outer scaffold surface (seeded) and 50% on the inner scaffold surface, which would 
be ready for implantation. At this stage, oxygen concentration throughout the whole 
scaffold was maintained above 0.1 mol/m^, which is an excellent value for the cell 
survival after implantation of the graft. In which case, the blood flowing inside the 
tubular graft will perfuse through the wall of the porous lumen, providing nutrients 
throughout the graft’s thickness. In fact, such perfusion will offer a good opportunity 
for angiogenesis in-vivo. As a result, tissue engineering under dynamic cell culture 
conditions is highly recommended, given that under static conditions, it took 9 days to 
reach much lower cell proliferation levels while oxygen levels were also lower due to 
lower fluid perfusion under static conditions.
8.2 Suggestions for future work
Tissue engineering is a field with immense potential and decades of future work. 
However some ideas with a direct relationship to this work were introduced during the 
course of the project.
1. Remote oxygen sensing such as that accomplished in this work has plenty of 
practical applications that should be investigated. The online sensing of oxygen 
profiles in in-vitro conditions is a possibility; one idea is to use gelatine 
hydrogels as sensing platforms in bioreactors or even in other oxygen dependent 
applications. Ruthenium is miscible in TFE, the main solvent used in the 
electrospinning of gelatine. With ruthenium embedded in the electrospun fibres, 
meshes of gelatine with oxygen sensing capabilities can be developed. This 
novel idea from a medical engineering perspective could allow potentially for a
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direct observation of the oxygen profiles whilst the cells are proliferating, 
helping in further understanding the effects of oxygen concentration on cellular 
behaviour and potentially aiding new research such as the consumption rates of 
oxygen by the cells under different scenarios.
2. The work of this thesis focused on the critical aspect of vascular tissue 
engineering, developing the cell dense tunica media of a small calibre vascular 
graft. Experimenting with endothelial cell direct seeding on the lumen of a 
scaffold which is cultured with smooth muscle cells would establish the 
possibility of producing a non-thrombogenic graft. Such graft would be safe to 
use in in-vivo animal testing. Endothelial cells could also induce angiogenesis, 
so smaller micro-vessels within larger vessels can be induced allowing for the 
development of thicker tissue engineered vessels as oxygen could reach beyond 
300|im.
3. While mechanical characterisation of vascular grafts when swollen and hydrated 
carried out in this work is a step forwards compared with the typical mechanical 
testing of dry scaffolds. Mechanical characterisation of cell populated scaffolds 
would enable an even better understanding of how a smooth muscle cells 
covered scaffold would behave in in-vivo conditions, and possibly allowing for a 
link in the level of cellular proliferation within the scaffold with the 
corresponding strength and stiffness of the graft.
4. While the mathematical model was used for vascular grafts, the equations can 
be used for multiple tissue engineering scenarios after the model is modified and 
validated for other tissue engineering applications. The material properties for 
this project limited the use of the model to only the mechanically stable limits. 
Other materials could be used within the model if material based parameters are 
obtained. Research of other tissue engineering solutions is believed to benefit 
from the mathematical model developed in this study.
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